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INTRODUCTION 


Breast  cancer  is  the  second  leading  cause  of  cancer  death  among  American  women,  with 
over  170,000  new  cases  and  50,000  deaths  each  year.  Despite  advances  in  detection  and 
treatment,  mortality  from  these  diseases  remains  high.  Traditional  modes  of  treatment  including 
radiation  therapy,  chemotherapy,  and  hormonal  therapy  have  been  useful  but  are  limited  by  the 
emergence  of  treatment-resistant  cancer  cells.  Clearly  new  approaches  are  needed  to  treat  these 
diseases. 

One  of  the  more  promising  approaches  for  the  treatment  of  metastatic  breast  cancer  is  high 
dose  chemotherapy.  Breast  cancer  is  susceptible  to  chemotherapy  in  a  dose-dependent  manner. 
The  major  dose  limiting  toxicity  of  many  effective  chemotherapeutic  agents  is  hematopoietic 
toxicity.  To  overcome  this  obstacle,  autologous  bone  marrow  or  peripheral  blood  stem  cells  are 
harvested  from  the  patient  prior  to  the  administration  of  the  high  dose  chemotherapy,  and  then 
reinfused  after  the  chemotherapy  has  been  excreted  and/or  metabolized.  Although  the  initial 
clinical  trials  of  such  strategies  are  promising,  there  are  other  obstacles  that  need  to  be  overcome  to 
optimize  results.  The  agents  used  for  the  systemic  treatment  of  this  disease  need  to  be  improved. 
Additionally,  bone  marrow  transplantation  for  solid  tumors  such  as  breast  cancer  is  complicated 
by  the  fact  that  these  cancers  frequently  metastasize  to  the  bone  marrow. 

To  date,  two  significant  advances  have  resulted  from  this  proposal.  A  sensitive  assay  has 
been  developed  to  identify  breast  cancer  cells  in  the  bone  marrow  and  the  peripheral  blood.  Next, 
an  adenovirus  vector  has  been  developed  that  is  selectively  lethal  to  breast  cancer  cells,  but  not 
normal  cells.  The  results  of  preclinical  studies  with  this  virus  have  been  successful.  The  National 
Cancer  Institute  (NCI)  has  decided  to  hold  an  IND  for  this  virus,  and  toxicology  testing  is 
underway  in  order  to  obtain  FDA  approval  for  clinical  trials.  This  virus  should  enter  clinical  trials 
for  the  treatment  of  breast  cancer  sometime  in  the  next  two  years. 

BACKGROUND 

The  use  of  autologous  bone  marrow  transplant  (BMT)  as  a  part  of  cancer  treatment  has 
increased  dramatically  in  recent  years.  For  example,  autologous  BMT  often  is  used  to  protect 
patients  from  the  hematopoietic  toxicity  of  high  dose  chemotherapy  in  the  treatment  of  breast 
tumors.  However,  the  success  rate  for  this  treatment  regimen  is  Jeopardized  by  contamination  of 
the  autologous  marrow  with  low  numbers  of  tumor  cells.  Thus,  the  ability  to  selectively  kill  or 
purge  contaminating  tumor  cells  in  the  marrow  in  vitro,  prior  to  autologous  transplant,  could 
significantly  improve  the  chances  of  long  term  survival. 

The  most  common  technique  of  purging  tumor  cells  from  bone  marrow  relies  upon 
monoclonal  “anti-tumor”  antibodies  to  immunologically  remove  tumor  cells  from  a  suspension  of 
marrow  cells.  However,  the  success  of  this  approach  depends  on  the  availability  of  well 
characterized  antibodies  capable  of  detecting  each  tumor  cell  phenotype.  This  method  of  purging 
rarely  removes  all  tumor  cells,  and  requires  repeated  purging  cycles  which  can  decrease 
hematopoietic  cell  viability.  Moreover,  the  specific  antigens  are  rarely  “tumor  cell  specific”,  often 
being  found  on  normal  cells,  albeit  at  low  antigen  density.  Other  purging  methods,  such  as  photo¬ 
sensitization  agents  or  chemotherapy,  also  can  cause  significant  hematopoietic  toxicity. 

Until  recently,  investigators  thought  that  cancer  treatments  based  on  chemotherapy,  or 
radiation  therapy,  exerted  their  tumor-killing  specificities  based  on  the  different  sensitivities  of 
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rapidly  dividing  (versus  quiescent)  cells  to  these  agents.  Recent  evidence  suggests  that  radiation 
and  many  chemotherapy  agents  specifically  kill  tumor  cells,  while  sparing  normal  cells,  by 
triggering  of  the  programmed  cell  death  (PCD)  pathway.  The  induction  of  PCD  is  impeded  by 
genes  such  as  bcl-2,  and  its  presence  in  cancer  cells  thus  reduces  the  efficiency  of  conventional 
cancer  therapy.  Mechanistically,  bcl-2  does  not  appear  to  be  mitogenic  or  transforming,  but  it 
cooperates  with  c-myc,  and  members  of  the  ras  family,  to  cause  transformation.  Additionally,  bcl- 
2  acts  to  inhibit  apoptosis  induced  by  p53,  myc,  chemotherapy,  and  ionizing  radiation.  Members 
of  this  gene  family  have  been  implicated  in  the  progression  of  a  large  number  of  human  solid 
tumors,  including  lymphomas,  cancers  of  the  breast,  lung,  and  prostate,  as  well  as  neuroblastoma. 
These  observations  suggest  that  suppression  of  bcl-2  expression  using  gene  therapy  methods 
would  be  a  valuable  tool  in  cancer  treatment,  by  increasing  the  susceptibility  of  tumor  cells  to 
existing  chemotherapeutic  and  radiation  treatments. 

Other  members  of  the  bcl-2  gene  family  have  recently  been  isolated  and  partially 
characterized.  A  bcl-2  homologue,  bcl-x,  gives  rise  to  two  mRNA  species  through  alternative 
splicing.  One  of  these,  bcl-Xi,  functions  in  a  manner  similar  to  bcl-2,  and  inhibits  apoptosis.  The 
other,  bcl-xs,  functions  as  a  repressor  to  bcl-2  and  acts  to  promote  apoptosis.  We  recently 
demonstrated  that  adenoviral-mediated  overexpression  of  bcl-xs  inhibited  the  anti-apoptotic  role  of 
bcl-2  and  induced  PCD  in  a  variety  of  primary  tumors  and  tumor  cell  lines.  This  PCD  was 
augmented  by,  but  not  dependent  upon,  the  tumor  suppressor  p53.  In  contrast,  normal  bone 
marrow  hematopoietic  stem  cells  resisted  bcl-xs-adenovims  induced  PCD  apoptosis.  We 
postulated  that  the  resistance  of  hematopoietic  stem  cells  to  the  bcl-xs  adenovirus  was  due  to  the 
lack  of  expression  of  adenovirus  transgenes  in  hematopoietic  stem  cells  or  alternatively  to  the 
inability  of  bcl-xs  to  induce  cell  death  in  these  cells.  We  report  that  murine  hematopoietic  stem 
cells  resist  expression  of  an  adenovirally  transduced  gene.  Moreover,  a  bcl-xs  adenovirus  works 
synergistically  with  a  Herpes  virus  TK  adenovirus  to  specifically  purge  tumor  cells  from  in  vitro 
hematopoietic  cultures,  with  the  preservation  of  transplantable  stem  cells.  Thus,  these  results 
indicate  that  adenovirus  vectors  fail  to  transduce  genes  into  early  hematopoietic  stem  cells. 
Therefore,  this  suggests  that  adenovirus  vectors  encoding  suicide  genes  such  as  bcl-Xs  or  Herpes 
virus  TK  would  preferentially  kill  the  contaminating  tumor  cells  derived  from  epithelial  tissues 
found  in  bone  marrow  cell  populations,  thus  serving  as  an  excellent  means  of  marrow  purging. 

Significant  progress  in  the  purging  of  breast  cancer  cells  has  been  made.  We  have  further 
defined  the  use  of  adenovirus  suicide  vectors  for  killing  breast  cancer  cells  that  contaminate  the 
bone  marrow  of  patients  with  breast  cancer.  Last  year,  we  found  that  a  pure  population  of  mouse 
hematopoietic  stem  cells  are  not  transduced  by  an  adenovirus  vector.  We  have  extended  this 
observation  and  now  show  that  human  hematopoietic  stem  cells  are  also  not  transduced  by  such 
vectors.  The  National  Cancer  Institute  has  now  decided  to  do  toxicology  testing  of  the  bcl-xs 
adenovirus  to  obtain  FDA  approval  for  use  of  the  virus  in  human  clinical  trials.  We  envision  such 
trials  to  begin  within  the  next  two  years. 

We  have  made  marked  progress  since  last  year.  Specifically,  we  have  developed 
preclinical  animal  models  to  test  the  potential  utility  of  the  bcl-xs  adenovirus  for  use  in  the  treatment 
of  breast  cancer.  Not  only  has  the  virus  been  used  in  bone  marrow  purging  preclinical  trials,  but 
also  for  systemic  treatment.  This  work  was  chosen  for  a  platform  presentation  at  the  1997  DOD 
Breast  Cancer  meeting  in  Washington,  D.C.  Abstracts  of  the  relevant  manuscripts  follow.  These 
abstracts  are  from  manuscripts  that  have  been  published  or  submitted  relevant  to  this  grant.  Note 
that  the  manuscripts  are  included  as  an  appendix  to  this  report.  The  manuscripts  serve  as  the 
methods  and  figure  sections  of  this  report. 
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BODY 


Significant  progress  in  completion  of  the  goals  of  this  grant  have  been  made  in  the  first  two  years. 

In  general,  progress  has  been  made  on  all  of  the  original  tasks.  However,  due  to 
developments  since  the  original  grant  was  submitted,  we  have  concentrated  on  certain  tasks  and 
made  progress  beyond  the  original  goals.  Other  tasks  have  been  modified  due  to  recent 
developments  in  the  field.  Progress  on  each  task  is  given.  The  clarification  requested  by  the 
reviewer  of  last  year’s  progress  report  are  given.  When  tasks  have  been  modified,  the  reasons  for 
modification  are  given. 

One  point  needs  to  be  emphasized.  The  reviewer  states  that  most  progress  has  been  made 
in  regards  to  the  purging  strategy,  and  less  in  the  K19  analysis  of  patients  with  breast  cancer. 
This,  in  fact,  is  not  true.  The  initial  analysis  of  the  usefulness  of  K19  RT-PCR  to  detect  breast 
cancer  in  the  blood  and  bone  marrow  was  published  by  Dr.  Mark  Roth,  the  original  P.I.  of  this 
project.  Since  then,  there  have  been  over  120  publications  worldwide  that  expand  upon  the 
original  data.  In  addition,  there  is  now  a  national  clinical  trial  (SWOG  9702)  that  examines  the 
prognostic  significance  of  K19  detection  in  women  undergoing  high  dose  chemotherapy.  Due  to 
these  new  events,  coupled  with  the  fact  that  no  single  institution  can  collect  as  many  samples  as  a 
national  clinical  trial  can,  we  have  elected  to  enter  our  patients  in  the  national  trial.  Thus,  some  of 
the  original  tasks  have  been  modified  to  reflect  the  marked  success  of  this  assay. 

Although  others  are  now  also  using  this  assay,  we  continue  to  collect  samples  here  at  the 
University  of  Michigan  and  analyze  them  for  K19  expression. 

Task  one,  to  test  the  hypothesis  that  women  with  poor  prognostic  indicators  are  more  likely 
to  present  with  the  presence  of  blood  and/or  bone  marrow  micrometastases,  is  ongoing  with 
sample  collections. 

-lA.  Sample  collection  and  PCR  assays.  To  date,  we  have  collected  blood  samples  from  123 
patients  including  20  patients  with  stage  I  or  II  cancer,  22  with  stage  HI,  and  123  with  stage  IV 
breast  cancer.  We  plan  to  increase  the  number  of  samples  obtained  from  patients  with  the  stage  I, 
II,  and  III  breast  cancer.  We  have  begun  to  analyze  specimens  for  K19  expression.  RT-PCR 
assays  of  the  first  13  specimens  are  being  done  at  this  time. 

-IB.  Clinical  follow-up.  Follow-up  of  the  outcome  of  stage  I,  II  and  III  prognosis  patients  will 
begin  when  more  samples  are  obtained  from  this  group  of  patients.  See  enclosed  informed  consent 
and  IRB  approval  for  continued  sample  collection.  We  plan  on  collecting  more  samples,  and  will 
begin  to  analyze  outcomes  after  collecting  samples  from  ~10  more  patients. 

Task  two,  to  use  a  PCR  based  assay  to  detect  the  mammary  cell  specific  keratin- 19  mRNA 
and  evaluate  the  presence  of  occult  breast  cancer  cells  in  patients  undergoing  BMT,  is  progressing 
well,  indeed  ahead  of  schedule,  and  two  manuscripts  have  been  published  that  address  this  task. 
As  stated  previously,  there  is  now  a  SWOG  national  clinical  trial  to  determine  the  prognostic 
significance  of  K19©  cells  in  women  undergoing  BMT.  The  University  of  Michigan  is  a  SWOG 
member,  and  we  will  enter  our  patients  into  the  national  study  rather  than  a  limited  local  trial. 


Page  7 


-lA.  To  determine  the  relative  frequency  of  tumor  contamination  of  marrow  versus  peripheral 
blood  stem  cell  harvests.  To  date,  we  have  collected  samples  from  59  patients  that  have  undergone 
BMT.  Forty  seven  samples  are  from  peripheral  blood  stem  cell  harvests,  and  13  are  from  bone 
marrow  harvests  (one  patient  had  both  aphoresis  and  bone  marrow).  To  date,  20%  of  the 
peripheral  blood  samples  have  been  positive,  and  46%  of  the  bone  marrow  samples  have  been 
positive.  At  the  time  this  grant  was  written,  bone  marrow  harvest  was  the  source  of  the 
hematopoietic  cells  used  for  rescue  from  high  dose  chemotherapy.  Now,  peripheral  blood  stem 
cell  harvests  are  used  exclusively  for  rescue  from  high  dose  chemotherapy.  This  task  has  not  been 
published.  This  task  was  accomplished  using  standard  published  techniques,  and  thus  submission 
of  a  manuscript  is  not  planned. 

-IB.  Correlation  of  PCR  results  with  clinical  outcome.  There  are  not  yet  enough  samples  obtained 
from  patients  with  stage  I-III  breast  cancer.  This  is  also  the  case  with  breast  cancer  patients 
undergoing  high  dose  chemotherapy.  The  positive  rate  in  peripheral  blood  stem  cell  harvests  is 
lower  than  that  seen  in  bone  marrow.  Since  peripheral  blood  stem  cell  harvests  are  used,  only 
about  20%  of  the  patients  are  K19  positive.  Only  about  20%  of  such  samples  are  PCR  positive  for 
cancer.  Therefore,  the  sample  size  is  still  too  small  to  make  any  clinical  correlation’s  at  this  time. 
As  stated  before,  we  will  now  enter  our  patients  into  the  SWOG  9702  national  trial. 

-1C.  Evaluate  the  efficacy  of  bone  marrow  and  stem  cell  culture  purging  techniques  to  eliminate 
breast  cancer  cells. 

We  have  published  a  manuscript  describing  a  novel  method  for  purging  contaminating 
cancer  cells  from  bone  marrow  hematopoietic  stem  cells.  Many  cancers  overexpress  a  member  of 
the  bcl-2  family  of  inhibitors  of  apoptosis.  To  determine  the  role  of  these  proteins  in  maintaining 
cancer  cell  viability,  an  adenovirus  vector  that  expresses  bcl-xs,  a  functional  inhibitor  of  these 
proteins,  was  constructed.  Even  in  the  absence  of  an  exogenous  apoptotic  signal  such  as  x- 
irradiation,  this  virus  specifically  and  efficiently  kills  carcinoma  cells  arising  from  multiple  organs 
including  breast,  colon,  stomach,  and  neuroblasts.  In  contrast,  normal  hematopoietic  progenitor 
cells,  and  primitive  cells  capable  of  repopulating  immune-deficient  SCID  mice,  were  refractory  to 
killing  by  the  bcl-xs  adenovirus.  This  vector  may  prove  useful  in  killing  cancer  cells  contaminating 
the  bone  marrow  of  patients  undergoing  autologous  bone  marrow  transplantation,  (appendix). 

One  of  the  issues  raised  in  the  review  of  last  year’s  review  was  that  we  have  not  done  any 
preclinical  animal  models.  This  issue  has  been  addressed.  Several  animal  model  studies  have  now 
been  completed  using  bcl-xs  adenovirus.  Abstracts  of  these  studies  follow  this  section.  The 
manuscripts  resulting  from  these  studies  are  included.  Furthermore,  we  have  purified  bcl-xs 
adenovirus  in  the  University  of  Michigan  Human  Applications  Lab  (HAL)  facility.  This  virus  is 
clinical  grade  material  that  can  be  used  in  clinical  trials.  We  are  in  the  process  of  producing  enough 
clinical  grade  material  in  order  to  send  it  to  the  NIH.  This  virus  will  be  used  for  toxicology  testing 
for  the  FDA. 

As  stated  previously,  there  is  now  a  SWOG  national  clinical  trial  to  determine  the 
prognostic  significance  of  K190  cells  in  women  undergoing  BMT.  The  University  of  Michigan  is 
a  SWOG  member,  and  we  will  enter  our  patients  into  the  national  study  rather  than  a  limited  local 
trial. 

Task  3.  Develop  additional  markers  for  molecular  detection  of  occult  breast  carcinoma. 
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-3 A.  Evaluate  the  specificity  and  sensitivity  of  PCR  based  detection  of  other  mammary  specific 
RNA  sequences.  No  new  markers  have  been  detected.  The  K19  marker  has  been  both  sensitive 
and  specific.  Any  new  PCR  detection  strategies  will  be  based  on  the  identification  of  novel  genes 
found  in  tasks  3C  and  3D. 

-3B.  Develop  non-radioactive  detection  schema.  A  nested  primer  approach  was  used  to  detect 
K19  cDNA  (see  appendix,  manuscript  #1).  PCR  experiments  using  K19  primers  labeled  with 
either  6FAM  or  HEX  fluorescent  markers  so  that  the  PCR  product  can  be  detected  using  an 
automated  sequencer.  The  PCR  products  were  analyzed  with  an  automatic  sequencer.  Various 
amounts  of  MCF-7  breast  cancer  cell  RNA  was  mixed  with  normal  bone  marrow  RNA  (from  lx 
10^  cells).  These  mixing  experiments  showed  that  after  2  rounds  of  PCR  we  were  able  to  detect 
K19  mRNA  in  two  of  three  samples  containing  10  MCF-7  cells,  and  two  of  four  samples 
containing  1  MCF-7  cell.  K19  was  not  detected  in  normal  peripheral  blood.  This  task  is 
completed;  a  non-radioactive  detection  schema  has  been  developed.  Either  nested  PCR  with  gel 
electrophoresis,  or  with  fluorescent  detection  using  an  automated  sequencer,  can  be  used  to  detect 
the  K19  mRNA.  This  task  has  not  been  published.  This  task  was  accomplished  using  standard 
published  techniques,  and  thus  submission  of  a  manuscript  is  not  planned. 

-3C.  Detection  of  novel  breast  cancer  peptides.  Breast  cancer  cDNA  has  been  made  from  RNA 
isolated  from  SUM  159  human  breast  cancer  cells.  This  cDNA  will  be  used  to  generate  a  library  to 
identify  novel  genes. 

-3D.  As  described  in  the  proposal,  screening  for  novel  breast  cancer  peptides  will  begin  this  year. 

In  order  to  identify  cell  surface  proteins  expressed  in  breast  cancer  cells,  we  have 
developed  a  novel  cDNA  cloning  vector.  Many  cell  surface  proteins  have  a  “leader  sequence”  at 
the  amino  terminus.  This  sequence  directs  the  transport  of  a  protein  to  the  outer  cell  membrane, 
and  then  is  cleaved.  We  constructed  a  cloning  vector  that  contains  a  CD33  gene  with  the  leader 
sequence  deleted.  The  5’  portion  of  the  cDNA  library  was  fused  to  the  CD33  vector.  The  vector 
was  transfected  into  COS7  cells,  which  do  not  express  CD33.  Thus,  only  cells  that  are  transfected 
with  a  CD33  vector  that  has  a  cDNA  encoding  a  protein  with  a  leader  sequence  express  a  fusion 
protein  that  inserts  CD33  into  the  COS7  cell  membrane.  The  CD33  and  COS7  cells  are  isolated 
and  then  the  plasmid  is  rescued  (Figure  1).  To  date,  we  have  sequenced  twenty-three  plasmids 
identified  in  this  manner.  Although  several  genes  encoding  known  cell  surface  proteins  have  been 
identified,  no  novel  proteins  have  yet  been  identified. 

A  bcl-xs  adenovirus  selectively  induces  apoptosis  in  transformed  but  nor  normal 
mammary  cells. 

Abstract 

Oncogenes  which  drive  the  cell  cycle  such  as  c-myc,  can  sensitize  cells  to  apoptosis  upon 
growth  factor  withdrawal.  This  suggests  the  possibility  that  during  carcinogenesis,  the 
overexpression  of  genes  such  as  bcl-2  or  bcl-XL  are  required  to  inhibit  apoptois  induced  by 
oncogene  expression.  We  hypothesized  that  inhibition  of  Bcl-2/Bcl-xL  by  the  proapoptotic  Bcl-xS 
protein  would  result  in  selective  induction  of  cell  death  in  carcinoma  cells  compared  to  non- 
transformed  cells.  In  order  to  test  this  hypothesis  and  to  determine  the  therapeutic  efficacy  of  a  bcl- 
Xj  adenovirus,  we  compared  the  effects  of  Bcl-x^  expression  delivered  by  the  bcl-x^  adenoviral 
vector,  on  non-transformed  murine  mammary  cells  (Comma- ID)  and  a  c-myc  transformed  mouse 
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mammary  cell  line  (Myc-83).  We  found  that  whereas  the  non-transformed  Comma-ID  cells  are 
resistant  to  the  effects  of  the  bcl-x^  vector,  this  vector  efficiently  induced  apoptosis  in  the  Myc-83 
cells;  consistent  with  the  hypothesis  that  inhibition  of  Bcl-2  family  of  genes  can  result  in  selective 
killing  of  cancer  cells  compared  to  their  non-transformed  counterparts. 

We  extended  these  studies  to  a  mouse  breast  cancer  ascites  model  by  demonstrating  that  the 
bcl-Xj  adenoviral  vector  introduced  intraperitoneally,  reduces  ascite  formation  and  significantly 
prolongs  survival  with  no  detectable  toxicity  to  normal  mouse  tissues.  These  studies  demonstrate 
that  the  bcl-x^  adenovims  selectively  kills  transformed  cells  in  vitro  and  in  vivo,  supporting  the  use 
of  this  approach  for  the  gene  therapy  of  breast  cancer. 

A  recombinant  bcUx^  adenovirus  selectively  induces  apoptosis  in  cancer  cells  but 
not  in  normal  bone  marrow  cells. 

Abstract 

Many  cancers  overexpress  a  member  of  the  bcl-2  family  of  inhibitors  of  apoptosis.  To 
determine  the  role  of  these  proteins  in  maintaining  cancer  cell  viability,  an  adenovirus  vector  that 
expresses  bcl-x^,  a  functional  inhibitor  of  these  proteins,  was  constructed.  Even  in  the  absence  of 
an  exogenous  apoptotic  signal  such  as  x-irradiation,  this  virus  specifically  and  efficiently  kills 
carcinoma  cells  arising  from  multiple  organs  including  breast,  colon,  stomach,  and  neuroblasts.  In 
contrast,  normal  hematopoietic  progenitor  cells  and  primitive  cells  capable  of  repopulating  severe 
combined  immunodeficient  mice  were  refractory  to  killing  by  the  bcl-x^  adenovirus.  These  results 
suggest  that  Bcl-2  family  members  are  required  for  survival  of  cancer  cells  derived  from  solid 
tissues.  The  bcl-x^  adenovirus  vector  may  prove  useful  in  killing  cancer  cells  contaminating  the 
bone  marrow  of  patients  undergoing  autologous  bone  marrow  transplantation. 

Bcl-2  protects  murine  erytbroleukemia  cells  from  p53-dependent  and  -independent 
radiation-induced  cell  death. 

Abstract 

To  better  understand  the  molecular  basis  of  radiation-induced  cell  death,  we  studied  the  role 
of  the  bcl-2  oncogene  and  the  p53  tumor  suppressor  gene  in  this  process.  A  temperature-sensitive 
mutant  of  murine  p53  (p53'^*''*^^)  and/or  bcl-2  was  transfected  into  murine  erythroleukemia  cells 
(MEL,  DP  16-1,  which  are  null  in  p53).  We  demonstrate  that  radiation-induced  cell  death  occurs 
by  both  p53-dependent  and  -independent  pathways  and  overexpression  of  bcl-2  modulates  both 
pathways.  When  viability  was  measured  24  h  post-radiation,  cells  that  had  been  briefly  exposed  to 
wtp53  immediately  after  X-ray  irradiation  had  decreased  survival  as  compared  to  the  unirradiated 
cells  expressing  wtp53  or  X-ray  irradiated  DP16-1  cells.  However,  at  later  times  X-ray  irradiated 
parental  DP16-1  cells  also  had  decreased  survival  compared  to  the  unirradiated  control.  This 
decrease  in  survival  began  48  h  following  radiation.  Bcl-2  prevented  radiation-induced  cell  death 
in  DP  16-1  cells  expressing  wtp53  and  delayed  radiation-induced  cell  death  in  DP  16-1  cells  without 
wtp53.  X-ray  irradiated  cells  expressing  wtp53  displayed  microscopic  and  biochemical 
characteristics  consistent  with  cell  death  due  to  apoptosis.  DP  16-1  cells  which  were  untransfected 
or  co-transfected  with  wtp53  and  bcl-2  displayed  characteristics  of  cells  undergoing  necrosis. 
These  results  suggest  that  radiation-induced  cell  death  occurs  by  both  p53-dependent  and  p53- 
indepedent  pathways.  The  p53-dependent  pathway  results  in  cell  death  via  apoptosis  and  occurs 
approximately  24  h  following  radiation.  The  p53-indepenent  pathway  does  not  appear  to  involve 
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apoptosis  and  occurs  at  a  later  time,  starting  48  h  after  X-ray  exposure.  Thus,  bcl-2  protects  cells 
from  p53-dependent  radiation-induced  apoptotic  cell  death  and  attenuates  p53-independent 
radiation-induced  cell  death. 

bcl-Xj  gene  therapy  induces  apoptosis  of  human  mammary  tumors  in  nude  mice 
Abstract 

Bcl-Xj  is  a  dominant  negative  repressor  of  Bcl-2  and  Bcl-x^,  both  of  which  inhibit 
apoptosis.  We  used  a  replication-deficient  adenoviral  vector  to  transiently  overexpress  Bcl-x^  in 
MCF-7  human  breast  cancer  cells,  which  overexpress  BcI-Xl-  Infection  with  this  vector  induced 
apoptosis  in  vitro.  We  then  determined  the  effects  of  intratumoral  injection  of  bcl-x^  adenovirus  on 
solid  MCF-7  tumors  in  nude  mice.  Tumors  injected  four  times  with  the  bcl-xs  adenovirus  showed 
a  50%  reduction  in  size.  Using  terminal  transferase-mediated  dUTP-digoxigenin  nick  end 
labeling,  we  observed  apoptotic  cells  at  sites  of  bcl-x^  adenoviral  injection.  These  experiments 
demonstrate  the  feasibility  of  using  bcl-x^  gene  therapy  to  induce  apoptosis  in  human  breast 
tumors. 

Sensitive  detection  of  occult  breast  cancer  by  the  reverse-transcriptase  polymerase 
chain  reaction 

Abstract 

Detection  of  occult  carcinoma  in  patients  with  breast  cancer  may  aid  the  establishment  of 
prognosis  and  development  of  new  therapeutic  approaches.  To  improve  on  existing  methods  of 
detection,  we  have  developed  a  reverse-transcriptase  polymerase  chain  reaction  (RT-PCR)  assay 
for  keratin  19  (K19)  transcripts  to  identify  mammary  carcinoma  cells  in  the  peripheral  blood  and 
bone  marrow  of  patients  with  breast  cancer.  Peripheral-blood  or  bone  marrow  samples  obtained 
from  34  patients  with  stages  I  to  IV  breast  cancer  and  39  control  subjects  without  breast  cancer 
were  screened  for  K19  mRNA  by  nested  primer  PCR.  In  reconstitution  experiments,  K19  RT- 
PCR  reliably  detected  10  mammary  carcinoma  cells  in  1  million  normal  peripheral-blood 
mononuclear  (PBMN)  cells.  Four  of  19  patients  with  stage  IV  breast  cancer  had  detectable  K19 
transcript  in  peripheral  blood.  Five  of  six  patients  with  histologically  negative  bone  marrow 
biopsies  following  preablative  chemotherapy  and  before  autologous  bone  marrow  transplant 
(BMT)  were  positive  by  this  assay.  Stem-cell  apheresis  harvests  obtained  from  one  of  these 
patients  and  toee  additional  patients  immediately  before  BMT  were  all  K  19-negative.  K19  RT- 
PCR  analysis  of  CSF  from  a  breast  cancer  patient  with  known  carcinomatous  meningitis  was  also 
positive.  Thirty-eight  of  39  non-breast  cancer  patients  had  negative  K19  RT-PCR  assays.  The  one 
exception  was  a  patient  with  chronic  myelogenous  leukemia.  RT-PCR  of  K19  is  a  sensitive, 
specific,  and  rapid  method  for  detection  of  occult  mammary  carcinoma  cells  in  the  peripheral  blood 
and  bone  marrow  of  patients  with  breast  cancer.  The  presence  of  residual  breast  cancer  cells  in 
histologically  normal  bone  marrow  aspirates  but  not  in  stem-cell  apheresis  harvests  is  a  frequent 
finding.  This  assay  may  be  useful  in  diagnosing  metastatic  disease,  as  well  as  in  monitoring  the 
effectiveness  of  systemic  therapy. 


METHODS 

The  manuscripts  included  in  the  appendix  serve  as  the  methods  section  and  contain  a 
relevant  bibiography. 
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CONCLUSIONS 


Significant  progress  has  been  made  in  completing  the  tasks  of  this  proposal.  Keratin  19 
appears  to  be  a  novel  and  effective  marker  for  RT-PCR  detection  of  breast  cancer  cells  in  peripheral 
blood  and  the  bone  marrow.  The  collection  of  patient  samples  now  exceeds  one  hundred  RNA 
preparations.  This  includes  patients  with  stage  I  through  IV  breast  cancer,  and  includes  more  than 
fifty  patients  that  have  undergone  BMT. 

As  an  adjunct  to  surgery,  radiation,  or  chemotherapy,  autologous  bone  marrow  transplants 
(BMTs)  are  increasingly  used  as  a  method  to  increase  survival  of  patients  with  aggressive  non- 
hematopoietic  tumors.  However,  retroviral  tagging  and  PCR  studies  indicate  that  autologous 
marrow  is  often  the  source  of  cancer  relapse  in  these  patients.  Several  methods  have  been  devised 
to  purge  marrow  of  tumor  cells  prior  to  transplantation,  but  each  has  distinctive  shortcomings. 
Immunologic  methods  depend  on  a  unique  tumor  cell  surface  epitope  and  a  high  avidity  antibody 
for  efficient  negative  selection.  Chemical  techniques  can  have  significant  hematopoietic  toxicity. 
We  have  previously  shown  that  adenovirally  mediated  transient  expression  of  bcl-xs,  a  functional 
repressor  of  bcl-2,  would  induce  PCD  in  contaminating  tumor  cells  found  in  bone  marrow  cell 
preparations.  It  is  reported  here  that  a  pure  population  of  hematopoietic  stem  cells  does  not  express 
a  transgene  when  exposed  to  a  recombinant  adenovirus.  We  further  postulated  that  hematopoietic 
stem  cells  would  retain  the  ability  to  repopulate  hematopoiesis  following  treatment  with  adenoviral 
vectors. 

We  show  that  a  combination  of  bcl-xs  and  TK  adenovirus  are  the  most  effective  and  least 
toxic  method  of  killing  MCF-7  cells  in  a  mixed  tumor/hematopoietic  ex  vivo  culture.  Of  all  tumor 
cell  types  we  have  tested  to  date,  MCF-7  cells  have  proven  to  be  among  the  most  resistant  to  bcl-Xs 
adenovirus  treatment.  By  combining  a  TK  adenovims/gancyclovir  treatment  with  bcl-Xs 
adenovirus  infection  of  mixed  tumor/marrow  cultures,  MCF-7  cells  are  purged  from  the  marrow  to 
below  detectable  levels.  In  addition,  the  combination  TK/bcl-Xs  treatment  results  in  an  equally 
efficient  purging  of  hematopoietic  progenitors  compared  to  an  equivalent  treatment  using  only  bcl- 
xs,  while  resulting  in  a  progenitor  cell  toxicity  that  is  equal  or  slightly  less.  This  combined 
treatment  minimizes  the  non-specific  hematopoietic  toxicity  of  these  adenoviral  vectors,  while 
preserving  MCF-7  purging  efficiency,  although  TK  treatment  alone  may  be  a  useful  treatment. 
This  data  thus  supports  the  hypothesis  that  bcl-xs  overexpression  mediated  by  adenoviral  vectors 
may  be  used  to  effectively  purge  solid  tumor  cells  from  human  bone  mzirrow.  Although  the 
mechanism  behind  this  observation  is  unclear,  to  date  MCF-7  cells  have  proven  to  be  the  only  cell 
type  for  which  a  combined  bd-xs/TK  infection  is  required  to  completely  purge  human  marrow  in 
vivo.  Other  cancer  cell  lines,  such  as  the  SHEP  1  neuroblastoma  line,  are  efficiently  purged  by 
bd-Xs  viral  MOIs  that  do  not  have  any  significant  effect  on  hematopoietic  cell  activity. 

In  this  work,  hematopoietic  stem  and  progenitor  cells  are  shown  to  exhibit  resistance  to 
greater  MOIs  than  that  required  to  infect  100%  of  neuroblastoma  cells  with  an  adenovirus  marker 
gene.  Previous  work  has  shown  that  mouse  hematopoietic  stem  cells  can  be  isolated  on  the  basis  of 
the  phenotype  Thy-l.l'°  Lin'  Sca-l'^^'^.  As  few  as  30  of  these  cells  can  rescue  100%  of  lethally 
irradiated  mice,  producing  long-term,  multilineage  reconstitution.  By  purifying  homogeneous 
populations  of  murine  stem  cells,  we  were  able  to  directly  target  them  in  vitro  with  adenovirus  at 
MOIs  greater  than  those  necessary  to  kill  tumor  cells.  After  such  treatment,  murine  stem  cells 
retained  their  viability  but  did  not  express  the  adenoviral  LacZ  gene,  whereas  tumor  cells  expressed 
this  marker.  Confirming  and  extending  this  data,  our  in  vivo  studies  show  that  murine  marrow 
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infected  with  bcl-Xs,  TK,  or  LacZ  adenovirus  retains  the  capacity  for  long  term,  apparently 
multilineage,  engraftment  upon  transplant  into  lethally  irradiated  syngeneic  mice. 

The  ability  to  selectively  kill  tumor  cells,  while  sparing  all  of  the  hematopoietic  cells  in  bone 
marrow  prior  to  autologous  transplantation,  represents  a  novel  method  in  purging/transplantation 
as  a  treatment  of  many  human  neoplasms.  Previous  methods  involving  immunologic,  mechanical, 
or  chemical  based  tumor  purging  have  had  limited  success,  required  extensive  marrow  processing, 
or  were  useful  for  treatment  of  only  one  specific  cell  type.  We  conclude  that  bone  marrow  purging 
using  an  adenoviral-based  method  (that  can  be  used  ^one  or  in  conjunction  with  other  purging 
strategies)  represents  a  simple,  quick,  and  efficient  method  for  purging  a  wide  variety  of  non- 
hematopoietic  tumor  cells  while  retaining  hematopoietic  stem  cell  activity. 

New  data  obtained  from  animal  models  has  demonstrated  that  the  bcl-xs  adenovirus  may 
prove  useful  for  in  vivo  treatment  of  breast  cancer.  We  have  purified  clinical  grade  virus  in  the 
Human  Applications  Lab.  After  production  of  sufficient  virus,  it  will  be  sent  out  to  the  NIH  for 
toxicology  testing.  We  hope  to  obtain  IND  from  the  FDA  within  1-2  years. 

The  bcl-xs  adenovirus  will  begin  toxicology  testing  for  the  FDA  this  year.  We  anticipate 
clinical  breast  cancer  clinical  trials  to  begin  with  this  virus  within  one  to  two  years. 

Finally,  a  human  breast  cancer  cDNA  has  been  made  and  will  be  used  to  attempt  to  identify 
novel  peptides  expressed  by  breast  cancer  cells.  Any  such  peptides  identified  will  be  used  to 
develop  new  diagnostic  markers  for  breast  cancer. 
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FIGURE  LEGEND 


Figure  1.  The  cell  surface  protein  gene  trap  strategy  is  shown. 
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FIQURE  1 
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ABSTRACT 

Replication  deficient  viral  vectors  are  currently  being  used  in  gene  transfer 
strategies  to  treat  cancer  cells.  Unfortunately,  viruses  are  limited  in  their  ability  to 
diffuse  through  tissue.  This  makes  it  virtually  impossible  to  infect  the  majority  of 
tumor  cells  in  vivo  and  results  in  inadequate  gene  transfer.  This  problem  can  be 
addressed  by  allowing  limited  viral  replication.  Limited  viral  replication  facilitates 
greater  penetration  of  virions  into  tissue  and  can  improve  gene  transfer.  We  have 
developed  a  strategy  of  limited  viral  replication  using  AdRSVlaclys,  a  chemically 
modified  El -deleted  adenovirus,  to  co-deliver  an  exogenous  plasmid  encoding  the 
adenovirus  El  region.  This  system  allows  one  round  of  viral  replication.  We 
examined  the  effect  of  this  limited  adenovirus  replication  in  vitro  and  in  vivo.  In 
culture,  co-delivery  of  virus  and  pEl  resulted  in  a  large  increase  of  infected  cells 
when  compared  to  control  cells  exposed  to  virus  and  pUC19.  In  experiments  on 
nude  mice  bearing  Hela  ascites  tumors,  intraperitoneal  injection  of 
AdRSVlaclys/pEl  resulted  in  a  significantly  higher  percentage  of  infected  Hela  cells 
as  compared  to  the  PBS  controls  (p  <  0.05)  or  the  AdRSVlaclys/pUC19  controls  (p 
<  0.01).  These  ^ta.  demonstrate  that  the  transcomplementation  of  replication 
deficient  adenovirus  with  exogenous  El  DNA  leads  to  limited  replication,  and  this 
controlled  replication  enhances  gene  transfer  efficiency  of  adenovirus  in  vivo. 
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OVERVIEW  SUMMARY 

Replication  defective  viral  vectors  are  limited  in  their  ability  to  diffuse 
through  tissue.  This  poses  a  problem  for  treating  tumors  in  vivo  using  gene 
transfer.  The  following  paper  demonstrates  that  limited  replication  of  adenovirus 
leads  to  greater  gene  transfer  efficiency  in  vitro  and  in  vivo  without  introducing 
additional  safety  concerns  beyond  traditional  adenovirus  administration.  This  has 
implications  for  the  improvement  of  current  gene  transfer  methods  for  treating 
cancer. 
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INTRODUCTION 

Viral  vectors  are  among  the  most  efficient  vehicles  for  gene  transfer  in  vitro 
and  in  vivo  (Mulligan,  1993).  For  this  reason,  replication  deficient  viral  vectors 
have  been  used  in  various  gene  transfer  approaches  to  treat  cancer  cells  (Crystal, 
1995).  Unfortunately,  this  approach  is  limited  in  that  it  is  nearly  impossible  to 
infect  the  majority  of  tumor  cells  in  vivo  due  to  physical  constraints  imposed  by 
both  the  virus  and  tumor.  Tumors  in  vivo  are  usually  present  as  solid  masses  or 
sheets  many  layers  thick,  as  opposed  to  the  easily  infected  monolayers  in  cell 
culture.  Typical  virions  are  large  enough  to  prevent  significant  diffusion  through 
these  cell  layers.  In  addition,  in  some  in  vivo  animal  models  the  amount  of  vims 
administered  is  limited  by  the  volume  that  can  actually  be  physically  injected. 

The  limitations  in  vector  delivery  presents  a  serious  problem  in  targeting 
cancerous  cells  in  vivo  using  gene  transfer.  Delivery  of  a  cytotoxic  or  tumor 
suppressing  vims  may  temporarily  slow  down  tumor  growth,  but  is  doomed  to 
ultimately  fail  if  some  tumor  cells  are  left  unharmed.  Even  strategies  with  a 
“bystander  effect”  (such  as  the  herpes  simplex  vims  thymidine  kinase  gene)  require 
that  a  significant  ajnount  of  tumor  cells  are  infected,  and  most  successful  animal 
models  of  thymidine  kinase  delivery  have  involved  the  administration  of  retroviral 
producer  cell  lines  to  ensure  that  this  is  the  case  (Culver  et  al.,  1992;  Takamiya  et 
al.,  1992;  Barba  et  al.,  1994). 

It  may  be  possible  to  circumvent  viral  delivery  problems  with  controlled 
replication  of  a  viral  vector  in  vivo  (Goldsmith,  1994).  This  could  allow  greater 
penetration  of  the  vims  beyond  the  first  several  cell  layers  (see  Fig.  1).  Limited 
replication  would  also  increase  the  effective  local  viral  titer.  In  order  for  controlled 


Han  et  al. 


replication  to  occur,  the  genes  necessary  for  viral  replication  must  be  co-delivered 
with  the  viral  vector.  However,  these  genes  must  not  be  engineered  into  the  viral 
genome  or  the  result  would  be  a  fully  replication  competent  virus.  We  have 
developed  a  model  of  controlled  in  vivo  replication  using  adenovirus.  Adenovirus 
is  relatively  chemically  stable  and  can  be  manipulated  by  adding  polylysine  without 
completely  destroying  infectious  activity  (Wagner  et  al.,  1992;  Cristiano  et  al., 
1993;  Fisher  and  Wilson,  1994).  This  allows  exogenous  DNA  to  bind  to  the 
modified  adenovirus  by  electrostatic  interactions  and  piggyback  its  way  into 
infected  cells.  By  using  this  method  to  co-deliver  a  plasmid  encoding  the 
adenovirus  El  region,  standard  El -deleted  adenovirus  can  enter  a  round  of 
replication.  We  will  refer  to  this  method  as  limited  replication,  because  barring 
recombination  events,  all  of  the  progeny  of  this  process  will  be  replication  deficient, 
eliminating  virus  replication  after  one  round.  Adenovirus  also  has  other  favorable 
properties  for  use  in  this  system.  Adenovirus  can  be  produced  at  high  titers  and 
infect  a  broad  range  of  dividing  and  non-dividing  cells  (Kozarsky  and  Wilson, 
1993).  In  addition,  adenovirus  has  a  lytic  life  cycle,  which  lyses  the  cell  after  virus 
replication  is  complete  and  thus  may  expose  more  tumor  surface  area  for  further 
gene  transfer. 

Other  viral  vectors  all  have  one  or  more  deficiencies  for  use  in  such  a 
system.  Retrovirus  integrates  into  the  host  genome  and  will  continually  produce 
virus  for  the  life  of  the  cell  (assuming  the  transgene  is  not  lethal).  Both  of  these 
properties  are  safety  concerns  (Varmus,  1988).  Retrovirus  is  also  surrounded  by  a 
relatively  unstable  lipid  bilayer  that  is  difficult  to  chemically  modify  without 
completely  abolishing  biologic  activity  (Rosenberg  et  al.,  1997).  Herpes  simplex 
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virus  has  a  similar  bilayer  and  presents  possible  toxicity  concerns  (Glorioso  et  al., 
1997).  Adeno-associated  virus  (AAV)  cannot  replicate  without  adenovirus  (Fisher 
et  al.,  1997),  which  defeats  the  purpose  of  using  AAV  in  the  first  place.  Therefore, 
adenovirus  appears  to  be  the  ideal  choice  for  this  system. 

Here  we  demonstrate  that  transcomplementation  of  replication  deficient 
adenovirus  with  exogenous  El  DNA  leads  to  limited  viral  replication.  We  have 
constmcted  a  simple  system  in  which  adenovims/plasmid  DNA  complexes  can  be 
used  to  achieve  this  effect  in  vitro.  Finally,  we  have  extended  this  study  to 
demonstrate  enhanced  gene  delivery  in  a  relevant  in  vivo  model.  This  addresses  a 
major  problem  in  current  approaches  towards  cancer  gene  therapy. 
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MATERIALS  AND  METHODS 

In  vitro  limited  replication  of  adenovirus  using  liposomes 

Construction  of  AdRSVlacZ  has  been  described  (Davidson  et  al.,  1994). 
The  plasmid  pEl,  which  contains  the  El  A  and  ElB  regions  of  adenovirus 
(nucleotides  1-5778),  was  a  gift  from  Eileen  White  (White  and  Cipriani,  1989). 
This  plasmid,  as  well  as  all  plasmids  described  hereafter,  was  purified  by 
centrifugation  through  a  CsCl/EtBr  gradient  (Sambrook  et  al.,  1989).  Hela  cells 
(human  cervical  carcinoma)  were  maintained  in  Dulbecco’s  Modified  Eagle  Medium 
(DMEM)  containing  10%  Fetal  Bovine  Serum  (FBS)  and  1%  P/S  (100  international 
units/ml  of  penicillin  and  100  pg/ml  of  streptomycin).  SKOV3  (human  ovarian 
carcinoma)  cells  were  maintained  in  McCoy’s  5 A  Medium  containing  10%  FBS  and 
1%  P/S. 

Cells  were  seeded  in  6-well  dishes  and  allowed  to  reach  80%  confluence. 
Lipofectamine  (Gibco  BRL)  was  used  to  lipofect  either  1  pg  of  pUC19  or  1  pg  of 
pEl  into  each  well.  Lipofection  procedures  were  done  as  recommended  by  the 
manufacturer.  After  24  hours  at  37°C,  the  medium  was  replaced  with  2  ml  of  fresh 
medium  (2%  FBSj^  1%  P/S)  containing  1  x  10^  AdRSVlacZ  viral  particles.  Each 
well  was  fed  with  2  ml  of  medium  (2%  FBS,  1%  P/S)  at  day  three  and  stained  on 
days  six  or  eight  with  5-bromo-4-chloro-3-indolyl  P-D-galactosidase  (X-gal). 
Before  staining,  cells  were  fixed  in  0.5%  glutaraldehyde  for  10  minutes  and 
washed  twice  with  phosphate  buffered  saline  (PBS)/1  mM  MgCl2.  Stained  cells 
were  examined  by  light  microscopy  and  photographed. 

Preparation  of  adenovirus/polylysine  complex 
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Polylysine  was  cross-linked  to  replication  deficient,  recombinant  adenovirus 
using  a  slightly  modified  version  of  a  procedure  described  elsewhere  (Fisher  and 
Wilson,  1994).  In  order  to  malemide-activate  the  virus,  AdRSVlacZ  was  prepared 
and  concentrated  on  a  CsCl  gradient.  After  centrifugation,  this  virus  was 
immediately  desalted  on  a  15  ml  Sephadex  G-50  column  equilibrated  with  PBS,  pH 
7.0.  The  viral  particle  concentration  was  determined  by  absorbance  at  260  nM,  on 
the  assumption  that  one  absorbance  unit  equals  1x10  viral  particles  per  ml.  The 
titered  virus  was  diluted  to  approximately  5  x  10*^  particles/ml  and 
sulfosuccinimidyl  4-(N-maleimidomethyl)  cyclohexane- 1-carboxylate  (Pierce)  was 
added  to  a  final  concentration  of  25  mM.  This  reaction  was  rocked  gently  at  room 
temperature  for  7.5  minutes  then  stopped  by  adding  1/10  volume  of  1  M  Tris,  pH 
7.0. 

While  malemide-activating  the  adenovirus,  a  thiol  group  was  added  onto  the 
amino  terminus  of  poly-L-lysine  (54  kDa,  Sigma)  using  2-iminothiolane  essentially 
as  described  (Fisher  and  Wilson,  1994).  The  2-iminothiolane  was  removed  on  a  15 
ml  Sephadex  G-25  column  equilibrated  with  100  mM  Tris  (pH  7.1  at  4°C),  100 
mM  NaCl,  and  2njM  EDTA.  The  first  fraction  that  contained  virus  as  determined 
by  absorbance  at  220  nM  was  saved  for  further  use. 

The  purified,  thiolated  polylysine  was  diluted  to  an  equal  volume  as  the 
malemide-activated  adenovirus  using  100  mM  Tris  (pH  7.1  at  4°C),  100  mM  NaCl, 
and  2  mM  EDTA.  Then  the  malemide-activated  virus  and  modified  poly  lysine  were 
mixed  and  rocked  gently  at  4°C  for  90  minutes.  The  polylysine  is  cross-linked  to 
the  virus  at  this  step.  Unreacted  malemide  groups  were  blocked  by  adding  1/10 
volume  of  1  M  2-mercaptoethylamine  and  incubating  for  20  minutes  at  room 
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temperature.  To  remove  unincorporated  polylysine  and  concentrate  the  virus,  the 
polylysine  modified  virus  was  then  centrifuged  on  a  CsCl  gradient.  The  virus  was 
desalted  on  a  15  ml  Sephadex  G-50  column.  Storage  was  in  50  mM  Tris  (pH  7.1), 
50  mM  NaCl,  ImM  EDTA,  and  50%  glycerol  at  -80°C.  This  modified  virus  will  be 
referred  to  as  AdRSVlaclys. 

Successful  crosslinking  was  verified  by  a  gel  mobility  shift  assay.  In  a  total 
volume  of  100  |il  PBS,  200  pg  of  the  plasmid  pK7GFP  (a  gift  from  Ian  Macara, 
Carey  et  al.,  1996)  was  incubated  with  varying  amounts  of  modified  or  unmodified 
virus  for  30  minutes  at  room  temperature.  These  samples  were  resolved  by  gel 
electrophoresis  on  a  1.5%  agarose/TAE  gel. 

Transfection  of  exogenous  DNA  in  vitro  using  the  adenovirus/polylysine  complex 

We  determined  that  the  amount  of  cross-linked  adenovirus  necessary  to 
infect  greater  than  80%  of  Hela  cells  was  approximately  1  x  10^  viral  particles  per 
cell.  Therefore,  this  titer  was  used  for  the  following  infections.  AdRSVlacZ  or 
AdRSVlaclys  was  incubated  with  or  without  pK7GFP  in  a  total  volume  of  100  |xl 
PBS  for  20-30  minutes  at  room  temperature.  Hela  cells  at  1  x  10^  cells  per  well  in 
12-well  dishes  we^e  washed  once  with  PBS  and  0.5  ml  DMEM  (2%  FBS,  1%  P/S) 
was  added  to  each  well.  Virus/DNA  mixtures  were  added  to  their  respective  wells 
and  the  cells  were  incubated  at  37°C  overnight.  The  next  day,  the  medium  was 
replaced  with  1  ml  DMEM  (10%  FBS,  1%  P/S)  per  well.  Each  experiment  was 
performed  in  duplicate.  One  set  was  trypsinized,  fixed,  and  stained  with  X-gal  to 
monitor  infection  efficiency.  The  other  set  was  trypsinized,  washed  once  with 
PBS,  and  visualized  for  GFP  using  a  fluorescence  microscope  to  monitor 
adenovirus-mediated  transfection  efficiency.  The  percentage  of  infected  or 
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transfected  cells  was  determined  with  a  hemacytometer  and  data  represents  the  mean 
±  standard  deviation  of  two  experiments. 

In  vitro  limited  replication  of  adenovirus  using  the  adenovirus/poly  lysine  complex 

AdRSVlacZ  or  AdRSVlaclys  was  incubated  with  either  2  p,g  of  pUC19  or  2 
)Xg  of  pEl  in  a  total  volume  of  200  |J-1  PBS  for  20-30  minutes  at  room  temperature. 
Hela  or  SKNSH  cells  at  1.5  x  10^  per  well  in  6-well  dishes  were  washed  once  with 
PBS  and  1  ml  DMEM  (2%  FBS,  1%  P/S)  was  added  to  each  well.  Virus/DNA 
mixtures  were  added  to  their  respective  wells  and  the  cells  were  placed  at  37°C 
overnight.  The  next  day,  medium  was  replaced  with  2  ml  DMEM  (2%  FBS,  1% 
P/S).  Cells  were  fed  at  days  3  and  6  with  2  ml  DMEM  (2%  FBS,  1%  P/S).  No 
medium  was  removed  during  this  time.  On  day  eight  post  infection,  the  cells  were 
fixed  and  stained  with  X-gal  to  monitor  limited  replication  of  the  adenovirus. 
Staining  was  either  done  in  the  dish  and  subsequently  photographed  or  done  in 
suspension  and  percent  of  cells  infected  was  determined  with  a  hemacytometer. 

In  vivo  limited  replication  of  adenovirus 

Nude  mice  (CD-I  nu/nu,  Charles  River)  were  injected  i.p.  with  1  x  10^ 
Hela  cells.  Four  days  later  the  mice  were  injected  with  a  virus/DNA  mixture  in  100 
)xl  of  PBS  using  a  Hamilton  syringe.  Each  injection  contained  7  x  lO’  particles  of 
AdRSVlaclys  with  either  2  )i,g  of  pUC19  or  2  jxg  pEl.  Two  mice  were  injected 
with  PBS  only.  These  injections  were  repeated  every  other  day  for  a  total  of  four 
injections. 

Eight  days  after  the  final  injection  (to  allow  time  for  limited  replication)  mice 
were  sacrificed.  The  peritoneal  cavity  was  washed  twice  with  1.5  ml  PBS  and  the 
resulting  cell  suspension  was  removed  and  saved.  These  samples  were  centrifuged 
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at  350  X  g  in  a  niicrcx:entrifuge  for  two  minutes,  washed  once  with  PBS,  and 
recentrifuged.  The  resulting  pellets  of  Hela  and  blood  cells  were  resuspended  in  1 
ml  DMEM  (10%  FBS,  1%  P/S)  each  and  placed  in  6- well  dishes  in  a  total  volume 
of  2  ml  medium.  These  dishes  were  cultured  at  37°C  for  two  days  in  order  to  allow 
most  of  the  blood  cells  to  die  or  lyse.  Then  the  dishes  were  washed  6  times  with 
PBS  and  the  remaining  Hela  cells  were  fixed  and  stained  with  X-gal  for  48  hours  at 
37°C.  Cells  were  examined  by  light  microscopy  and  photographed.  Percentage  of 
infected  cells  was  determined  for  each  sample.  Groups  were  compared  using  a 
one-sided  student  t  test. 

Detection  of  the  adenovirus  hexon  protein 

Twenty-four  hours  •  after  infection  with  the  chemically  modified 
AdRSVlaclys  and  2  pg  of  either  pUC12  or  pEl,  Hela  cells  were  harvested  and 
attached  to  microscope  slides.  Inununohistochemistry  using  a  FTTC-conjugated 
anti-hexon  IgG  (Chemicon,  Temecula,  CA)  was  done  using  the  protocol 
recommended  by  the  supplier.  Microscopy  was  done  using  a  Zeiss  fluorescent 
microscope. 
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RESULTS 

Independent  co-delivery  of  the  pEl  plasmid  and  adenovirus  in  vitro 

In  order  to  test  whether  exogenous  El  plasmid  DNA  could  transcomplement 
replication  deficient  adenovirus  in  vitro,  an  independent  plasmid  lipofection  was 
followed  by  AdRSVlacZ  infection  on  Hela  or  SKOV3  cells.  A  low  titer  of 
AdRSVlacZ  was  used  for  these  experiments  in  order  to  make  viral  replication  easily 
detectable.  Over  the  course  of  the  next  6  to  8  days,  cells  initially  transfected  with 
pEl  showed  a  substantially  greater  proportion  of  infected  cells  than  those  initially 
transfected  with  the  pUC19  control  (Fig.  2 A).  The  staining  pattern  on  El 
transfected  cells  was  present  in  clusters,  indicating  areas  where  limited  replication 
and  subsequent  cell  lysis  occurred.  There  was  a  greater  amplification  of  the 
adenovirus  in  the  Hela  cells.  This  may  be  due  to  either  greater  amplification  of 
virus  in  Hela  cells  or  greater  susceptibility  to  adenovirus  infection  of  Hela  cells. 
This  verifies  our  hypothesis  that  co-delivery  of  pEl  will  support  viral  replication. 

Although  this  shows  that  the  co-delivery  concept  is  feasible,  the 
methodology  used  for  these  pilot  experiments  is  not  practical  for  general  in  vivo 
use.  Liposomes  have  been  shown  to  deliver  genes  in  vivo,  but  the  efficiency  varies 
dramatically  depending  on  cell  type/animal  model  and  would  probably  need  to  be 
extensively  optimized  for  most  scenarios  (Gao  and  Huang,  1995).  Thus,  other 
methods  were  explored  for  the  co-delivery  of  pEl. 

Co-delivery  of  plasmid  DNA  with  an  adenovirus/polylysine  complex 

Polylysine  modified  adenovirus  has  been  shown  to  complex  with  and 
transfect  plasmid  DNA  (Wagner  et  al.,  1992;  Cristiano  et  al.,  1993;  Fisher  and 
Wilson,  1994).  We  planned  to  use  such  a  virus  to  co-deliver  the  pEl  plasmid.  Our 
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method  of  crosslinking  polylysine  to  AdRSVlacZ  was  based  on  the  procedure  of 
Fisher  and  Wilson.  This  previously  reported  method  essentially  modified  the 
entirety  of  the  adenoviral  capsid.  The  modified  vims,  AdRSVlaclys,  would  bind  to 
plasmid  DNA  (Fig.  3). 

Next  we  aimed  to  demonstrate  that  AdRSVlaclys  could  transfect  plasmid 
DNA  without  the  assistance  of  tertiary  substrates  (such  as  a  polylysine  modified 
cellular  ligand).  This  would  simplify  infection  procedures  for  future  in  vivo 
experiments.  Approximately  15%  of  Hela  cells  infected  with  AdRSVlaclys  also 
introduced  the  pK7GFP  plasmid  when  examined  by  fluorescence  microscopy  (Fig. 
4).  Because  fluorescence  microscopy  to  detect  GFP  is  not  terribly  sensitive,  we 
expect  that  the  actual  percentage  of  transfected  cells  is  higher.  In  contrast,  cells 
exposed  to  plasmid  alone  or  plasmid  with  AdRSVlacZ  exhibited  no  detectable  GFP 
expression.  Thus,  the  polylysine  attached  to  adenovims  allows  co-delivery  of 
plasmid  DNA. 

Based  on  these  experiments,  we  predicted  that  delivery  of  the  pEl  plasmid 
complexed  with  AdRSVlaclys  would  result  in  significantly  enhanced  gene  transfer 
due  to  a  round  of^  viral  replication.  Transfection  of  only  15%  of  infected  cells 
translates  into  a  great  deal  of  additional  vims  when  one  considers  that  the  typical 
adenovims  life  cycle  results  in  10^  viral  progeny  (Shenk,  1996).  When 
AdRSVlaclys  and  pEl  were  used  to  infect  Hela  cells,  a  large  increase  of  infected 
cells  was  observed  by  X-gal  staining  when  compared  to  the  control 
AdRSVlaclys/pUC19  sample  (Fig.  5).  Once  again,  clusters  of  blue  cells  indicated 
areas  of  viral  replication.  As  expected,  infection  of  Hela  cells  with  AdRSVlacZ 
resulted  in  the  same  amount  of  gene  transfer  regardless  of  preincubation  with  pEl 
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or  pUC19.  This  experiment  generated  analogous  results  when  repeated  with 
SKNSH  (human  neuroblastoma)  cells,  indicating  that  this  effect  is  not  specific  to 
Hela  cells  (Fig.  6). 

It  is  possible  that  the  replication  observed  in  AdRSVlaclys/pEl 
infected/transfected  cells  was  due  to  recombination  of  the  replication  defective 
AdRSVlaclys  genome  with  the  transfected  pEl  plasmid  to  generate  rephcation 
competent  helper  vims.  This  presents  a  potential  safety  concern  for  future  in  vivo 
applications  of  this  method.  To  address  this  concern,  the  AdRSVlaclys/pEl 
infection  was  repeated  on  Hela  cells.  These  infections  were  harvested  at  four  days 
post-infection,  freeze-thawed,  and  the  supernatant  of  this  lysate  was  used  to  infect  a 
new  monolayer  of  Hela  cells  in  a  35  mm  dish.  These  cells  were  monitored  over  the 
next  14  days  for  the  appearance  of  cytopathic  effect  (CPE).  As  a  positive  control, 
Hela  cells  were  incubated  with  various  dilutions  of  sub360,  which  is  both  the 
original  adenovims  strain  used  to  generate  AdRSVlacZ  (Davidson  et  al.,  1994)  and 
the  predicted  recombination  product  of  pEl  and  AdRSVlaclys.  Dilutions  ranged 
from  10^  viral  particles  (the  amount  of  virions  generated  from  one  viral  life  cycle)  to 
108  viral  particles  per  well.  All  dilutions  of  sub360  produced  CPE  within  the  two 
week  time  period,  as  evidenced  by  completely  detached,  swelled  or  lysed  cells. 
Monolayers  from  Hela  cells  cultured  with  the  AdRSVlaclys/pEl  infection  extract 
were  intact  after  14  days  and  showed  no  signs  of  CPE  (data  not  shown).  This 
strongly  suggests  that  the  limited  viral  replication  observed  with  AdRSVlaclys/pEl 
infections  is  due  to  transcomplementation,  not  recombination.  This  also  suggests 
that  helper  vims  is  not  a  significant  contributing  factor  to  any  of  the  results 
presented  in  this  study. 
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Enhanced  gene  transfer  in  vivo  using  limited  replication  of  AdRSVlaclys 

In  order  to  demonstrate  the  ability  of  limited  replication  to  improve 
transduction  efficiency  in  vivo,  AdRSVlaclys  complexes  were  injected  into  mice 
bearing  Hela  ascites  tumors.  After  a  series  of  four  injections,  the  virus  was  allowed 
eight  days  to  replicate,  infect  more  cells,  and  express  P-galactosidase.  At  the  time 
of  sacrifice,  there  was  no  apparent  toxicity  to  mice  injected  with  virus.  X-gal 
staining  revealed  a  low  percentage  of  infected  Hela  cells  in  mice  injected  with  PBS 
or  AdRSVlaclys/pUC19  (data  summarized  in  Table  1).  Higher  infection  percentage 
was  apparent  in  Hela  cells  isolated  from  mice  injected  with  AdRSVlaclys/pEl  when 
compared  to  the  PBS  group  (p  <  0.05)  or  the  AdRSVlaclys/pUC19  group  (p  < 
0.01).  Transduction  efficiency  reached  close  to  90%  in  one  of  the  mice  (Fig.  7C). 
In  v/vo/vims  replication  was  confirmed.  E-1  transfected  cells  infected  with  the  Lac 
Z  recombinant  adenovirus,  but  not  the  PUC-19-transfected  cells  infected  with  the 
same  recombinant  virus,  produced  the  adenovirus  late  hexon  protein  (Fig.  8).  This 
data  provides  evidence  that  limited  replication  results  in  a  significantly  higher 
proportion  of  tumor  cells  infected  in  vivo. 
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DISCUSSION 

Viral  vectors  are  extremely  attractive  as  gene  transfer  vehicles  due  to  their 
evolved  mechanisms  for  introducing  genetic  material  into  cells.  This  has  led  to 
extensive  efforts  in  adapting  viruses  for  the  delivery  of  therapeutic  genes  (Miller, 
1992).  In  some  cases  (such  as  cystic  fibrosis),  delivery  of  the  therapeutic  gene 
theoretically  only  needs  to  take  place  in  a  small  proportion  of  affected  cells  in  order 
to  produce  significant  benefits.  However,  in  other  cases,  infection  of  the  majority 
of  the  target  cells  may  be  necessary.  For  example,  the  proliferative  nature  of  cancer 
dictates  that  it  is  necessary  to  infect  the  majority,  if  not  all,  transformed  cells  in 
order  to  achieve  true  clinical  benefit  from  gene  transfer.  This  problem  is 
exacerbated  by  the  extreme  difficulty  of  transducing  the  majority  of  targeted  cells  in 
vivo,  since  viruses  can  only  diffuse  for  limited  distances  in  solid  tissues. 

Limited  viral  replication  represents  a  strategy  for  improving  the  efficiency  of 
transducing  target  cells  in  vivo.  The  feasibility  of  limited  replication  has  been 
demonstrated  here  in  vitro  with  several  cell  lines,  using  a  model  system  consisting 
of  an  El -deleted  adenoviral  vector  that  could  introduce  exogenous  El  sequences 
(on  a  plasmid),  permitting  replication.  Because  these  DNA  sequences  were 
separate  from  die  adenovirus  genome  and  thus  were  not  incorporated  into 
adenoviral  progeny,  all  of  the  resultant  virions  were  replication  defective,  ending 
replication  after  one  round.  Minimal  helper  virus  was  produced  which  indicates 
that  this  method  may  be  as  safe  as  traditional  adenovirus  administration.  We  have 
also  extended  this  study  to  show  that  limited  replication  of  adenovirus  leads  to 
enhanced  gene  transfer  in  vivo.  The  potential  of  the  El  plasmid  with  the 
adenovirus  vector  to  form  a  rephcation  competent  adenovirus  could  be  further 
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minimized  by  using  an  El  plasmid  with  no  sequences  that  are  shared  with  the 
adenovirus  vector. 

The  model  system  presented  in  this  study  was  only  to  demonstrate  the 
principle  of  limited  replication  and  can  obviously  be  improved.  Safety  concerns 
regarding  the  transforming  potential  of  integrated  pEl  plasmid  sequences  can  be 
alleviated  by  engineering  a  suicide  gene  such  as  the  herpes  simplex  virus  thymidine 
kinase  gene  into  the  plasmid.  Cells  that  contain  the  pEl  plasmid  can  then  be  purged 
from  the  body  using  gancyclovir  after  the  course  of  treatment.  Furthermore, 
adenovirus  crosslinking  procedures  that  result  in  greater  transfection  and  infection 
activity  have  been  reported,  and  would  likely  lead  to  better  in  vivo  results  (Cristiano 
et  al.,  1993).  Ideally  though,  chemical  modification  of  the  adenovirus  capsid 
would  not  take  place  because  it  invariably  decreases  infectability.  A  plausible 
alternative  would  have  the  El  sequences  packaged  inside  the  adenovirus  capsid  (but 
not  in  the  genome),  which  would  result  in  100%  of  infected  cells  to  undergo  a 
round  of  replication,  provided  that  the  cells  are  permissive.  Current  technology 
does  not  allow  us  to  do  this.  Another  possible  scenario  would  be  placing  the  El 
sequences  in  the  adenovirus  genome,  but  under  tumor  specific  promoters.  This 
could  be  difficult  since  it  is  likely  that  leaky  El  expression  would  occur  due  to  viral 
enhancers  present  throughout  the  adenovirus  genome  (Shenk,  1996). 

Limited  replication  could  be  especially  useful  for  cancers  arising  in  cavities 
where  adenovirus  is  easily  administered.  Two  examples  of  this  are  bladder  and 
ovarian  cancer.  Bladder  cancers  are  superficial  tumors  which  arise  focally  or 
diffusely,  initially  penetrating  only  a  few  cell  layers  of  the  bladder  luminal 
epithelium.  Ovarian  cancer  initially  spreads  in  the  peritoneal  cavity.  In  both  of 
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these  cases,  it  may  be  possible  to  infect  all  transformed  cells  using  limited 
replication  of  adenovirus.  This  would  also  be  a  probable  improvement  upon 
current  gene  transfer  methods  in  solid  tumor  masses,  although  it  is  still  unlikely  that 
all  the  cells  of  a  large  tumor  mass  can  be  transduced.  In  summary,  we  have  shown 
that  hmited  replication  of  adenovirus  is  safe  and  results  in  enhanced  gene  transfer 
both  in  vitro  and  in  vivo.  This  addresses  the  problem  of  inadequate  gene  transfer  in 
cancer  gene  therapy  and  may  eventually  lead  to  potential  chnical  benefits  in  the 
future. 
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Table  1.  Efficiency  of  gene  transfer  by  in  vivo  limited  replication. 


mouse  number 

treatment 

percent  Hela  cells  blue 

1 

AdRSVlaclys/pUC19 

14.0 

2 

AdRSVlaclys/pUC19 

23.0 

3 

AdRSVlaclys/pUC19 

9.4 

4 

PBS 

6.5 

5 

PBS 

3.5 

6 

AdRSVlaclys/pUC19 

15.3 

7 

AdRS  Vlacly  s/pE  1 

21.3 

8 

AdRSVlaclys/pEl 

66.4 

9 

AdRS  Vlacly  s/pE  1 

84.6 

10 

AdRS  Vlaclys/pE  1 

69.6 

jK 
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Fig.  1.  Schematic  diagram  of  limited  replication  in  vivo.  On  the  left,  conventional 
techniques  result  in  gene  transfer  only  near  the  surface  of  tissue.  On  the  right, 
Mmited  replication  allows  virus  diffusion  to  deeper  areas  in  the  tissue.  Viral 
replication  is  occuring  in  dark  cells. 

Fig.  2.  Lipofection  of  plasmid  DNA  followed  by  adenoviral  infection.  Cells  were 
lipofected  with  1  pg  of  pUC19  (left)  or  pEl  DNA  (right),  then  infected  with 
AdRSVlacZ.  X-gal  staining  is  shown  at  six  and  eight  days.  A.  Hela  cells  at  six 
days.  B.  Hela  cells  at  eight  days.  C.  SKOV3  cells  at  six  days.  D.  SKOV3  cells  at 
eight  days. 

Fig.  3.  Gel  mobility  shift  of  polylysine  modified  adenovirus.  AdRSVlaclys, 
AdRSVlacZ,  or  no  virus  was  incubated  with  200  jig  of  plasmid  DNA.  Attachment 
of  DNA  to  AdRSVlaclys  results  in  a  large  complex  with  neutralized  charge  that 
does  not  run  into  the  gel.  a.  2.5  x  10^  particles  AdRSVlaclys  +  DNA.  b.  5  x  10^ 
particles  AdRSVlaclys  +  DNA.  c.  1  x  10*®  particles  AdRSVlaclys  +  DNA.  d.  2.5 
X  10*®  particles  AdRSBlaclys  +  DNA.  e.  2.5  x  10*®  particles  AdRSVlacZ  +  DNA. 
f.  2.5  X  10*®  particles  AdRSVlacZ  (no  DNA).  g.  DNA  only. 

Fig.  4.  Transfection  of  plasmid  DNA  with  AdRSVlaclys.  AdRSVlaclys, 
AdRSVlacZ,  or  no  virus  was  incubated  with  pK7GFP  before  infection  of  Hela 
cells.  A.  AdRSVlaclys  infected  cells  under  light.  B.  AdRSVlaclys  infected  cells 
using  fluorescence  microscopy.  C.  The  infection  and  transfection  efficiencies  of 
various  combinations  of  virus  and  DNA  on  Hela  cells.  Magnification  200X. 
Addition  of  plasmid  DNA  caused  a  slight  decrease  in  infectivity.  This  is  most  likely 
due  to  a  reduced  ceU  membrane  binding  because  of  the  negatively  charged  DNA. 
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Fig  5.  Limited  replication  of  AdRSVlaclys  in  Hela  cells.  A.  AdRSVlacZ 
preincubated  with  pUC19.  B.  AdRSVlacZ  preincubated  with  pEl.  C. 
AdRSVlaclys  preincubated  withpUC19.  D.  AdRSVlaclys  preincubated  with  pEl. 
Magnification  200X.  Percent  infected  ±  s.d.  is  indicated  in  the  comer  of  each 
photograph. 

Fig.  6.  Limited  replication  of  AdRSVlaclys  in  SKNSH  cells.  The  experiment 
described  in  Figure  5  was  extended  to  SKNSH  cells. 

Fig.  7.  Examples  of  limited  replication  of  AdRSVlaclys  in  vivo.  Ascites  were 
injected,  harvested,  and  stained  as  described  in  Materials  and  Methods.  A.  PBS 
(mouse  #5).  B.  AdRSVlaclys  with  pUC19  (mouse  #6).  C.  AdRSVlaclys  with 
pEl  (mouse  #9).  Magnification  200X. 

Fig.  8.  In  vivo  expression  of  the  adenoviras  hexon  protein  in  Hela  cells. 
Immunohistochemistry  showing  expression  of  the  adenovirus  hexon  protein  in 
Hela  cells  infected  with  AdRSVlaclys  conjugated  with  either  pUC19  (A)  or  pEl 
(B).  Magnification  200x. 
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To  better  understand  the  molecular  basis  of  radiation- 
induced  cell  death,  we  studied  the  role  of  the  bcl~2  oncogene 
and  the  p53  tumor  suppressor  gene  in  this  process.  A 
temperature-sensitive  mutant  of  murine  p53 
and/or  bcl-2  was  transfected  into  murine  erythroleukemia 
cells  (MEL,  DP16-1,  which  are  null  in  p53).  We  demonstrate 
that  radiation-induced  cell  death  occurs  by  both  p53- 
dependent  and  -independent  pathways  and  overexpression 
of  bcl‘2  modulates  both  pathways.  When  viability  was 
measured  24  h  post-radiation,  cells  that  had  been  briefly 
exposed  to  wtp53  immediately  after  X-ray  irradiation 
had  decreased  survival  as  compared  to  unirradiated  cells 
expressing  wtp53  or  X-ray  irradiated  DP  16-1  cells.  How¬ 
ever,  at  later  times  X-ray  irradiated  parental  DP16-1  cells 
also  had  decreased  survival  compared  to  the  unirradiated 
control.  This  decrease  in  survival  began  48  h  following 
radiation.  Bcl-2  prevented  radiation-induced  cell  death  in 
DP  16-1  cells  expressing  wtp53  and  delayed  radiation- 
induced  cell  death  in  DP  16-1  cells  without  wtp53.  X-ray 
irradiated  cells  expressing  wtp53  displayed  microscopic 
and  biochemical  characteristics  consistent  with  cell  death 
due  to  apoptosis.  DP16-1  cells  which  were  untransfected 
or  co-transfected  with  wtp53  and  bcl'2  displayed  character¬ 
istics  of  cells  undergoing  necrosis.  These  results  suggest 
that  radiation-induced  cell  death  occurs  by  both  p53- 
dependent  and  p53-independent  pathways.  The  p53- 
dependent  pathway  results  in  cell  death  via  apoptosis  and 
occurs  approximately  24  h  following  radiation.  The  p53- 
independent  pathway  does  not  appear  to  involve  apoptosis 
and  occurs  at  a  later  time,  starting  48  h  after  X-ray 
exposure.  Thus,  bcl-2  protects  cells  from  p53-dependent 
radiation-induced  apoptotic  cell  death  and  attenuates  p53- 
independent  radiation-induced  cell  death. 


Introduction 

Ionizing  radiation  induces  cell  death  by  two  distinct  mechan¬ 
isms,  necrosis  and  apoptosis  (1,2).  Necrosis  is  the  form  of 
cell  death  associated  with  massive  tissue  damage  which  in 
individual  ceils  is  frequently  preceded  by  increased  plasma 
membrane  permeability,  swelling  of  the  matrix  of  mitochondria, 
and  irreversible  cell  swelling  and  lysis  (2,3).  Exposure  of 
thymocytes  to  high  doses  of  radiation  (more  than  10  Gy)  has 
been  demonstrated  to  produce  cell  necrosis  ( I ).  An  alternative 
form  of  cell  death  termed  apoptosis  results  from  a  programmed 
sequence  of  events.  This  form  of  death  is  characterized  by 
condensation  of  chromatin,  alterations  in  membrane  permeabil¬ 
ity,  and  degradation  of  nuclear  DNA  into  oligonucleosomal 
fragments  (3).  Apoptosis  can  be  induced  by  XRT  and  other 


DNA  damaging  agents  (3).  In  irradiated  thymocytes,  the  onset 
of  apoptosis  is  rapid  with  DNA  degradation  and  loss  of 
membrane  permeability  accompanied  by  uptake  of  vital  dyes 
occurring  within  6-7  h  following  irradiation  (4-6). 

p53  Has  roles  in  the  cellular  responses  to  DNA  damage 
induced  by  XRT  (7,8).  The  p53  tumor  suppressor  gene  is 
one  of  the  most  commonly  mutated  genes  found  in  human 
malignancies  (9)  and  has  been  shown  to  play  an  important 
role  in  transformation.  In  addition  to  a  role  in  the  genesis  of 
cancers,  the  modulation  of  apoptosis  has  been  shown  to  play 
a  role  in  cancer  treatment.  In  addition  to  having  a  role  in 
regulating  cellular  apoptosis  (10-12),  wild-type  p53  (wtp53) 
has  been  postulated  to  play  a  role  in  DNA  repair  following 
XRT  (13)  by  arresting  irradiated  cells  in  the  GI  phase  of  the 
cell  cycle  (14).  Levels  of  p53  protein  increase  following 
treatment  with  XRT  (8).  Therefore,  the  DNA  repair  capabilities 
following  XRT  may  be  altered  by  expression  of  a  nonfunctional 
mutant  p53.  In  thymocytes,  wtp53  has  been  shown  to  be 
necessary  for  apoptosis  induced  by  XRT  but  not  Ca-"^  iono- 
phore  or  dexamethasone  (14).  Other  data  support  the  fact 
that  cells  without  wtp53  have  increased  radioresistance  (15). 
Consistent  with  the  hypothesis  that  p53  has  a  role  in  radiation- 
induced  cell  death  is  the  observation  that  cells  from  individuals 
with  Li-Fraumeni  syndrome  that  carry  a  germ-line  p53  mutation 
exhibit  increased  resistance  to  XRT  (16).  Elegant  studies  with 
p53  ‘knockout'  mice  showed  that  X-ray  irradiation  and  certain 
chemotherapeutic  agents  kill  cells  through  p53-dependent 
apoptosis  (14,17). 

In  contrast  to  p53,  overexpression  of  the  bcl-2  (B-cell 
lymphoma/leukemia  2)  gene  confirms  cellular  resistance  to 
apoptosis  (18,19).  The  bcl-2  oncogene  was  initially  discovered 
by  its  involvement  in  the  t(i4;i8)  chromosomal  translocation 
found  in  non-Hodgkin's  lymphomas  (20).  The  Bcl-2  protein 
is  localized  to  the  outer  mitochondrial  membrane,  RER  and 
nuclear  envelope  and  is  thought  to  contribute  to  oncogenesis 
by  suppressing  signals  that  induce  apoptotic  cell  death  (21). 
For  example,  overexpression  of  Bci-2  can  prevent  hematopoi¬ 
etic  and  neural  cell  apoptosis  induced  by  growth  factor 
withdrawal  ( 18, 19),  and  Bcl-2  also  prevents  or  delays  apoptosis 
induced  by  irradiation,  glucocorticoids,  heat  shock  and  multiple 
chemotherapy  agents  (22,23).  Although  bcl-2  alone  does  not 
stimulate  cell  proliferation  or  cause  transformation,  it 
cooperates  with  c-myc  (13,20,24)  and  members  of  the  ras 
family  (13)  to  transform.  Taken  together,  these  results  suggest 
that  apoptosis  is  a  critical  defense  mechanism  against  malignant 
transformation.  Because  Bcl-2  production  is  a  common  feature 
of  many  carcinomas,  lymphomas  and  leukemias,  it  is  thought 
that  bcI-2  may  play  a  role  in  the  resistance  of  therapy.  Indeed, 
expression  of  bcl-2  in  leukemia,  carcinoma  of  the  prostate  and 
neuroblastoma  has  been  shown  to  be  a  marker  for  poor 
prognosis  (25-28). 

Although  it  is  known  that  wtp53  induces  apoptosis  (10-12) 
and  cooperates  with  XRT  to  enhance  cell  death  (13,14)  and 
that  BcI-2  protects  from  some  forms  of  apoptosis  (21,22,24) 
and  partially  protects  from  XRT-induced  cell  death,  it  is  not 
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known  if  elevated  levels  of  Bcl-2  will  block  p53-dependent 
apoptotic  death  or  p53-independent  radiation-induced  cell 
death.  Such  knowledge  is  important  because  many  tumors 
which  require  radiation  therapy  (e.g.  breast  cancer,  prostate 
cancer)  often  express  high  levels  of  Bcl-2  (25-28).  Therefore, 
to  better  understand  the  role  of  p53  and  Bcl-2  in  XRT-induced 
cell  death,  we  introduced  either  a  temperature-sensitive  mutant 
of  p53  (29)  and/or  bcl-2  into  DP  1 6- 1 ,  a  murine  erythroleukemia 
(MEL)  cell  line  which  has  no  endogenous  expression  of  p53 
protein  (30)  and  low  levels  of  endogenous  Bcl-2  (31).  Previous 
data  from  our  laboratory  show  that  continuous  long  exposure  to 
wtp53  is  associated  with  loss  of  viability  which  occurs  over  48  h 
( 1 2),  In  this  report,  we  demonstrate  that  XRT-induced  cell  death 
occurs  by  both  p53-dependent  and  p53-independent  pathways. 
Analysis  of  genomic  DN  A  isolated  from  irradiated  cells  suggests 
that  death  in  cells  expressing  wtp53  occurs  via  apoptosis.  Addi¬ 
tionally,  cell  death  also  occurs  via  a  p53-independent  pathway 
that  occurs  at  a  later  time  and  appears  to  be  via  necrosis.  Over¬ 
expression  of  Bcl-2  modulates  both  cell  death  pathways:  it  pro¬ 
tects  cells  from  p53-dependent  radiation-induced  apoptosis  and 
it  attenuates  p53-independent  radiation-induced  cell  death. 

Materials  and  methods 

Cell  culiure  and  DNA  transfections 

DPI 6-1  MEL  cells  were  grown  in  Dulbccco's  modified  minima!  esseniial 
medium  (DMEM)  supplemented  with  10%  calf  serum,  2  mM  glutamine, 
100  U  of  penicillin  per  ml,  and  KX)  of  amphotericin  B  per  ml.  DNA 
tran.sfeciions  were  performed  by  electroporation  as  previously  described  (32). 
Transfection  mixes  consisted  of  10'  cells  in  transfection  buffer  (272  mM 
sucrose,  7  mM  phosphate  [pH  7.4),  1  mM  MgCL)  with  either  10  pg  of 
towHI  digested  p53'^neo  or  10  pg  of  BamHi  digested  p53‘^hygro  with  10  pg 
Sail  digested  pSFFVbcl-2p.eo  (21).  pSV-2  neo  (33)  was  used  for  control 
transfections.  Transfected  cells  were  selected  for  the  appropriate  resistance 
gene  in  medium  containing  1  mg  of  geneiicin  {G418,  Gibco)  per  ml  or  1200 
mg  per  ml  of  hygroniycin  B  (Calbiochcm). 

The  construction  of  p53'^neo  has  been  previously  described  (12).  This 
plasmid  contains  a  genomic  clone  for  p53Val-135  (29)  under  control  of  the 
RSV  LTR  promoter  and  a  neomycin  resistance  gene.  P.'>3‘^hygro  was  derived 
from  p53‘^neo  by  deletion  of  the  BamHl/Hindlll  fragment  containing  the 
neomycin  resistance  gene  and  insertion  of  a  2.3kb  BamHVHindUl  fragment 
containing  the  hygromycin  resistance  gene  from  p65hygro  (34).  Single  cell 
clones  were  isolated  by  limiting  cell  dilution  in  96-well  microtiter  plates. 
These  cell  lines  have  been  previously  described  in  detail  (12,31). 

Radiation  ^ 

Cells  were  X-ray  irradiated  using  a  CobaIt-60  X-ray  machine  (dose  rate;  120 
cGy/min).  Cells  were  given  various  doses  of  X-rays,  up  to  800  cGy,  and  were 
either  returned  to  37.5°C  or  placed  at  32.5"’C  for  8  h  to  express  wtp53. 
Viability  was  determined  at  various  time  points  following  radiation  by  trypan 
blue  exclusion.  All  experiments  were  performed  at  least  three  times. 

Clonogenic  assay 

Cells  treated  with  varying  do.ses  of  X-ray  irradiation  or  uninradiated  control 
cells  w'ere  placed  at  32.5®C  for  8  h  to  express  w  tp53.  Two  hundred  cells  were 
plated  in  methylcellulose  and  allowed  to  grow'  at  37.5°C  for  10  days  to 
determine  colony  forming  ability. 

DNA  analysis 

Genomic  DNA  was  prepared  as  previously  described  (35).  Briefiy,  cells  were 
suspended  in  a  buffer  consisting  of  20  mM  Tris  (pH  7.5),  10  mM  EDTA,  and 
300  mM  NaCl,  lysed  by  adding  sodium  dodecyl  sulfate  (SDS)  to  0.5%, 
digested  w'iih  proteinase  K  and  then  subjected  to  organic  extraction  and 
ethanol  precipitation.  DNA  samples  (3  pg)  were  analyzed  by  electrophoresis 
through  a  1.5%  agarose  gel  containing  0.5  pg  of  ethidium  bromide  per  ml. 

Microscopy 

For  Hoechst  33342  staining,  5x10^  cells  were  washed  with  PBS  and  then 
collected  onto  microscope  slides  using  a  cyio.spin  centrifuge.  The  cells  were 
fixed  with  ice  cold  methanol  for  20  min  and  then  washed  at  4°C  with  PBS. 
The  cells  were  then  incubated  for  10  min  at  room  temperature  in  PBS  with  5 
pM  Hoechst  33342.  The  slides  were  washed  twice  with  PBS,  after  which  a 
drop  of  Slowfade  Antifading  Reagent  was  added.  Ceils  were  viewed  by 
fluorescent  microscopy. 


For  acridine  orangc/cihidium  bromide  (Sigma)  .staining,  2X1()‘'  cells  were 
washed  twice  with  PBS.  Cells  were  collected  by  centrifugation  and  resuspended 
in  PBS  with  3.3  ng/ml  of  acridine  orange  and  ethidium  bromide.  Cells  were 
immediately  viewed  by  fluorescent  microscopy. 

Results 

p53  Enhances  X-ray  irradiation  lethality 
In  order  to  investigate  the  role  of  p53  in  radiation-induced  cell 
death  of  MEL  cells  we  utilized  the  MEL  cell  line,  DP16-1. 
These  cells,  which  do  not  express  endogenous  p53  (30), 
were  transfected  with  /;5i^^hygro  (a  plasmid  which  expresses 
p53vaii35^  a  temperature-sensitive  mutant  of  murine  p53,  and  a 
hygromycin  resistance  gene).  The  protein  encoded 

by  /?5J*^hygro  is  in  the  mutant  conformation  when  cells  are 
grown  at  37.5°C,  but  assumes  a  wild-type  conformation  when 
MEL  cells  are  grown  at  32.5°C  (29).  Previous  data  from  our 
laboratory  showed  that  while  transfected  cells  grew  normally 
in  the  presence  of  mutant  p53  (37.5°C),  expression  of  wtp53 
(32.5°(r)  was  as.sociated  with  growth  arrest  and  a  loss  of 
viability  which  occurred  over  a  48-120  h  period  (12).  This 
cell  death  is  restricted  to  cells  that  express  wip53  during  a 
critical  period  in  the  G1  phase  of  the  cell  cycle  (12).  In 
randomly  growing  cells,  only  a  small  percentage  of  cells  are 
in  this  part  of  the  cell  cycle  at  any  given  time  and  are  killed 
due  to  wtp53  exposure.  Therefore,  a  brief  exposure  of  wtp53 
was  chosen  to  determine  the  relationship  between  p53  expres¬ 
sion  and  radiation-induced  cell  death.  Exposure  to  wtp53 
(32.5°C)  for  1,  2,  4  and  8  h  prior  to  XRT  and  immediately 
after  XRT  for  4  and  8  h  was  performed.  The  most  significant 
effect  of  XRT  was  seen  following  an  8  h  exposure  to 
wtp53  immediately  after  XRT  (data  not  shown);  therefore,  this 
exposure  time  was  chosen  to  study  the  interactions  of  p53 
with  XRT  in  MEL  cells.  An  8  h  induction  of  wtp53  in 
unirradiated  cells  had  a  minimal  effect  on  viability  (80  ± 
0.7%  viability  at  24  h). 

DPI 6-1  cells  transfected  with  p53^^hygro  were  exposed  to 
wtp53  by  temperature  downshift  for  8  h  following  varying 
doses  (0,  200,  500  and  800  cGy)  of  XRT.  XRT  had  very  little 
effect  on  the  short  term  viability  of  the  parental  DP  1 6-1  cells 
at  24  h,  as  measured  by  trypan  blue  exclusion,  even  up  to 
doses  of  800  cGy  (Figure  1  A).  In  contrast,  the  irradiated  cells 
expressing  wtp53  showed  a  decline  in  viability  at  24  h  after 
irradiation  compared  to  unirradiated  cells  expressing  wtp53 
(Figure  I  A).  There  was  little  or  no  additional  effect,  however, 
of  increasing  dose  of  XRT  from  200  cGy  to  800  cGy  on  cell 
viability  (Figure  1  A).  The  dosage  of  200  cGy  totally  abolished 
the  colony  forming  ability  in  these  cells  (Figure  IB).  XRT  of 
800  cGy  had  little  effect  on  cell  viability  (Figure  lA)  in  the 
presence  of  mutant  p53  (37.5°C). 

p5 3 -Independent  X-ray  death  occurs  later  and  is  less  efficient 
than  p5 3 -dependent  cell  death 

wtp53  Expression  is  required  for  normal  thymocytes  to  undergo 
cell  death  following  XRT  (14).  To  determine  if  XRT-induced 
lethality  can  also  occur  independent  of  p53  expression,  DP16- 
1  MEL  cells,  which  are  null  in  p53,  were  treated  with  varying 
doses  of  XRT  (0,  200,  500  and  800  cGy).  Short  term  viability 
was  determined  24  and  48  h  after  XRT  X-ray  irradiated  DP16- 
1  cells  had  decreased  survival  compared  to  the  unirradiated 
control  (Figure  2A).  This  decrease  in  survival  was  most 
significant  at  48  h  following  800  cGy  radiation.  There  was  a 
decline  in  viability  with  increasing  doses  of  XRT,  but  this  was 
only  seen  at  48  h  (Figure  2A).  There  was  only  a  slight  to 
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Dose  0  cGy  200  cGy  500  cGy  800  cGy 

No.  Colonies  46  ±  2.0  1.0 1 0.7  0±0  0±0 

Fig.  1.  Effeci  of  Wtp53  expression  on  XRT-induced  cell  death.  (A)  At  0  h, 
locariihmicaily  growing  cells  translected  with  p53  were  X-ray  irradiated 
wUh  0,  200.  50(1  or  SCX)  cGy  and  transferred  from  37.5X  to  32.5'’C  for  8  h 
{wip53)  DP  16-1  MEL  cells  and  transfected  MEL  cells  (mutant  p53)  were 
also  irradiated  and  kept  at  37.5X.  Symbols:  ■.  DP16-1  X-ray  irradiated; 

A,  wip53  X-ray  irradiated;  A,  mutant  p53  X-ray  irradiated.  Viability  was 
determined  by  trypan  blue  staining  at  24  h  following  radiation.  The 
percentage  viability  was  determined  by  taking  the  ratio  of  viable  cells  to 
total  ceils  counted.  Note  the  rapid  loss  of  viability  of  the  cells  expressing 
wtp53.  (B)  Clonogenic  assay.  Cells  transfected  with  p53  were  X-ray 
irradiated  with  0.  200.  500  and  800  cGy  and  transferred  from  37.5°C  to 
32.5X  for  8  h.  Two  hundred  cells  were  plated  in  meihylcellulose  and 
allowed  to  grow  for  10  days  and  number  of  colonics  were  determined. 

There  was  a  decrease  in  colony  forming  ability  in  the  X-ray  irradiated  cells, 
however,  there  was  no  radiation  dose  ettect. 

modest  decline  in  viability  of  cells  that  received  200  cGy  or 
500  cGy  of  XRT,  respectively  (Figure  2A).  Complete  loss  of 
colony  formation  was  also  not  ^en  until  the  cells  had  been 
exposed  to  800  cGy  of  XRT  (Figure  2B). 

Bcl-2  protects  against  p5 3 -dependent,  and  delays  p53- 
independent  radiation-induced  lethality 
Previous  data  from  our  laboratory  have  demonstrated  that  in 
contrast  to  cells  expressing  only  p53,  cells  expressing  both 
p53  and  bcl-2  had  prolonged  survival  at  32.5^C  (31).  Bcl-2 
delayed  but  did  not  prevent  p53-induced  apoptosis  (31).  To 
determine  whether  Bcl-2  protects  against  XRT-induced  cell 
death  through  a  p53-dependent  or  -independent  pathway,  we 
analyzed  DP  1 6- 1  cells.  p53'%gro-transfected  DP  16- 1  cells, 
and  /75i‘^hygro  and/or  pSFFV  bcl-2  neo  (a  plasmid  which 
expresses  human  Bcl-2  and  geneticin  resistance  genes) 
-transfected  DP  16-1  cells.  Parental  DP  1 6- 1  cells  and  DP  1 6- 1 
cells  expressing  wtp53  and  Bcl-2,  either  alone  or  together, 
were  irradiated  with  800  cGy.  DP  16- 1  cells  expressing  Bcl-2 
and  p53  were  X-ray  irradiated  with  800  cGy  and  shifted  to 
32,5°C  for  8  h  to  express  wtp53.  In  comparison  to  irradiated 
cells  expressing  only  wtp53,  irradiated  cells  expressing  both 
wtp53  and  bcl-2  had  prolonged  survival  (Figure  3A).  Bcl-2 
and  p53  co-transfected  cells  had  90.0  ±  1.0%  viability  at  24  h 
compared  to  45.0  i  7.0%  for  cells  transfected  with  p53 
alone.  Colony  assay  showed  bcl-2  protection  against  radiation- 
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Dose  OcGy  200  cGy 

No.  Colonies  111±1.0  96  ±16 

Fig.  2.  p53-lndependent  XRT-induced  cell  death.  (A)  p53-independeni  XRT- 
induced  cell  death  occurs  later  and  is  less  efficient.  DP  16-1  MEL  cells  were 
X-ray  irradiated  with  0.  200,  500,  or  800  cGy  and  viability  was  determined 
by  trypan  blue  staining  at  24  and  48  h  following  XRT.  Symbols:  fl,  DP16-1 
X-ray  irradiated  (24  h);  □,  DP  1 6-1  X-ray  irradiated  (48  h).  Decreased 
survival  of  X-ray  irradiated  DP  16-1  cells  was  noted  and  occurred  at  48  h 
following  XRT.  bose  effect  was  seen  at  48  h  following  XRT.  (B) 

Clonogenic  assay.  DP  16- 1  cells  were  X-ray  irradiated  with  0,  200,  500  and 
800  cGy  and  placed  at  37.5°C  for  8  h.  Two  hundred  cells  were  plated  in 
methylcellulose  and  allowed  to  grow  for  10  days  and  number  of  colonies 
were  determined.  There  was  a  decrease  in  colony  forming  ability  following 
800  cGy  of  radiation  but  little  effect  at  200  or  .500  cGy. 

induced  clonogenic  death  in  the  presence  of  wtp53  (compare 
Figure  3B  with  Figure  IB). 

In  order  to  determine  if  bcl-2  could  protect  against  p53- 
independent  XRT-induced  cell  death,  DP  1 6- 1  cells  transfected 
only  with  bcl-2  were  X-ray  irradiated  with  800  cGy.  At  48  h, 
DP  1 6-1  cells  transfected  with  bcl-2  had  increased  viability 
over  untransfected  DP  16-1  cells  (Figure  4A).  Bcl-2  transfected 
cells  had  81.0  ±  1.0%  viability  at  48  h  compared  to  49.0  ± 
3.5%  for  untransfected  cells.  Despite  the  improved  viability  at 
48  h  following  XRT,  colony  assay  revealed  that  Bcl-2  did  not 
significantly  improve  colony  forming  ability  of  the  irradiated 
parental  cells  (Figure  4B). 

Mechanism  of  p53-dependent  and  -independent  radiation- 
induced  cell  death 

P53  enhances  XRT-induced  lethality  in  MEL  cells.  This  cell 
death  is  most  pronounced  at  24  h  following  radiation.  To 
determine  whether  the  loss  of  viability  was  through  the  process 
of  apoptosis,  genomic  DNA  was  isolated  from  DP  16-1  cells 
expressing  wtp53  24  h  following  8(X)  cGy  of  XRT.  DNA 
from  apoptotic  cells  has  a  characteristic  fragmentation  pattern 
secondary  to  intemucleosomal  cleavage  (36).  Approximately 
20%  of  the  unirradiated  DP  1 6-1  cells  that  expressed  p53  for 
a  brief  period  underwent  apoptosis  (Figure  1  A)  and  there  was 
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Dose  OcGy  200  cGy  500  cGy  800  cGy 

No.  Colonies  206  ±  2.1  81.0  ±3.5  11.5  ±4.9  4.0  ±2.8 

Fig.  3.  Bcl-2  protects  cells  against  p53-dependent  XRT-induced  cell  death. 
(A)  Logarithmically  growing  DP16-I  cells  transfected  with  hcl-2  and  p53 
were  X-ray  irradiated  with  800  cGy  and  transferred  from  37.5°C  to  32.5°C 
for  8  h.  Symbols:  A,  p53  X-ray  irradiated  at  32.5°C;  O,  p53-Bcl-2  X-ray 
irradiated  at  32.5°C;  •,  p53-Bc!-2  unirradiated  at  32.5°C:  A,  p53 
unirradiated  at  32.5°C.  Viability  was  determined  by  trypan  blue  staining. 
Bcl-2  protects  cells  from  p53  and  XRT-induced  lethality.  (B)  Clonogenic 
assay.  DP  16-1  cells  transfected  with  both  bcl-2  and  p53  were  X-ray 
irradiated  with  0,  200,  500  and  800  cGy  and  placed  at  32.5°C  for  8  h.  Two 
hundred  cells  were  plated  in  methylcellulose  and  allowed  to  grow  for  10 
days  and  number  of  colonies  were  determined.  Colonies  were  formed 
following  200,  500,  or  800  cGy  of  radiation.  BcI-2  protects  wtp53  cells 
from  XRT-induced  clonogenic  death. 


a  faint  apoptotic  ladder  seen  in  DNA  extracted  from  these 
cells.  A  much  larger  amount  of  DNA  from  X-ray  irradiated 
cells  expressing  wtp53  was  degraded  into  the  characteristic 
nucleosomal  ladder  of  cells  undergoing  apoptosis  (Figure  5A). 
This  shows  that  wtp53  cooperates  with  X-ray  irradiation  to 
induce  apoptosis.  In  contrast  only  higl>moIecular  weight  DNA 
is  detected  from  unirradiated  cells  without  wtp53.  The  ability 
of  Bcl-2  to  block  apoptosis  was  demonstrated  by  the  lack  of 
DNA  fragmentation  in  cells  expressing  both  p53  and  bcl-2 
following  800  cGy  of  XRT. 

Figure  2  demonstrates  that  XRT  lethality  also  occurs  by  a 
p53- independent  pathway.  To  determine  if  this  death  occurs 
via  apoptosis,  genomic  DNA  was  isolated  from  DP  16-1  cells 
24  and  48  h  following  800  cGy  of  XRT.  The  characteristic 
DNA  fragmentation  pattern  for  apoptosis  was  not  seen  in 
either  the  unirradiated  control  or  X-ray  irradiated  cells  at  24 
h  (Figure  5A)  and  48  h  (data  not  shown).  Fluorescent  light 
microscopy  demonstrates  that  within  8  h  after  exposure  to 
XRT,  cells  that  express  wtp53  begin  to  undergo  changes 
characteristic  of  apoptosis,  including  shrunken  morphology 
and  condensation  of  chromatin  and  nuclear  fragmentation.  In 
contrast,  irradiated  cells  that  do  not  express  wtp53,  develop 
nuclear  and  cytoplasmic  swelling,  characteristic  of  cells  under¬ 
going  necrosis  (Figure  5B).  This  finding  reveals  that  XRT- 
induced  cell  death  can  occur  by  a  necrosis  pathway  which  is 
independent  of  p53. 


B 

Dose  OcGy  200 cGy  500  cGy  800 cGy 

No.  Colonies  72  ±  1 0  63  ±  1 2  20  ±  5  0.5  ±  0.7 

Fig.  4.  BcI-2  delay.s  p53-independent  XRT-induced  cell  leihality.  (A)  At  0  h, 
logarithmically  growing  DP  16-1  cells  transfected  with  Bcl-2  were  X-ray 
irradiated  with  8(X)  cGy.  Symbols:  ■,  DP  16-1  X-ray  irradiated;  •.  Bcl-2 
unirradiated;  O,  Bcl-2  X-ray  irradiated.  Viability  was  determined  by  trypan 
blue  staining.  There  w'as  increased  viability  of  Bcl-2  cells  compared  to  X- 
ray  irradiated  DP  16- 1  cells.  (B)  Clonogenic  a.ssay.  DP  16-1  cells  transfected 
with  bcl-2  were  X-ray  irradiated  with  0,  200,  500  and  800  cGy  and  placed 
at  37.5°C  for  8  h.  Two  hundred  cells  were  plated  in  methylcellulose  and 
allowed  to  grow  for  10  days  and  number  of  colonies  were  determined. 

There  was  a  decrease  in  colony  forming  ability  following  500  and  800  cGy 
of  radiation  but  little  effect  at  200  cGy. 

Discussion 

In  this  study  we  have  shown  that  in  MEL  cells,  like  normal 
thymocytes,  wtp53  is  required  for  radiation-induced  apoptosis. 
We  have  also  demonstrated  that  p53-independent  radiation- 
induced  cell  death  is  most  likely  due  to  necrosis.  Bcl-2  appears 
to  protect  cells  from  both  forms  of  radiation  lethality.  There 
is  evidence  that  p53  plays  an  important  role  in  many  of  the 
cell’s  responses  to  XRT.  p53  Expression  increases  following 
XRT  (8)  and  is  obligate  for  the  transient  G1  arrest  seen  in 
normal  cells  following  DNA  damage  caused  by  agents  includ¬ 
ing  XRT  (7,13).  Furthermore  thymocytes  from  p53  null  mice 
are  resistant  to  XRT-induced  killing  (14).  This  has  led  to  the 
proposal  that  p53  may  serve  as  an  important  checkpoint  in  the 
cell  cycle  prior  to  entering  S  pha.se.  In  hematopoietic  cell 
lines,  p53  kills  cells  in  G1  but  not  in  GO  or  S  phase  (12). 
However,  the  cell  cycle  pattern  of  p53  killing  in  response  to 
XRT  has  not  been  determined.  Following  XRT,  G1  anest 
occurs  and  levels  of  p53  increase  which  may  allow  for 
synergistic  cell  death  secondary  to  apoptosis.  Our  data  confirm 
the  observation  that  wtp53  increases  sensitivity  of  cells  to 
XRT  and  that  in  MEL  cells  it  is  essential  for  XRT-induced 
apoptosis. 
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Fig.  5.  Light  microscopy  and  DNA  tVagmeniation  in  p53-dependcni  XRT-induced  apoptosis.  (A)  Cells  were  X-ray  irradiated  with  800  cGy  and  genomic 
DNAs  (3  pg)  were  isolated  24  h  following  radiation.  DNA  was  extracted  from  unirradiated  DP16-1  cells  (lane  b).  X-ray  irradiated  DP16-1  cells  (lane  c), 
unirradiated  p53  transfected  cells  incubated  at  37.5°C  for  24  h  (lane  d).  unirradiated  p53  transfected  cells  incubated  at  32.5°C  for  24  h  (lane  e).  X-ray 
irradiated  p53  transfected  cells  at  32.3 'C  (lane  f).  and  X-ray  irradiated  p33  and  Bcl-2  co- transfected  ceils  after  incubation  at  32.5°C  for  24  h  following  XRT 
(lane  g)  then  analyzed  by  electrophoresis  through  a  \.57c  agarose  gel.  DNA  fragmentation  consistent  with  apoptosis  was  seen  in  the  p53  transfected  cells  at 
32.5°C  but  not  in  the  X-ray  irradiated  DP16-!  cells  at  both  24  h  (lane  c)  or  48  h  (data  not  shown)  or  co-iransfected  p53  and  Bcl-2  cells  (lane  g).  (B)  Cells 
were  irradiated,  stained  with  the  indicated  fluorescent  dye  and  analyzed  by  light  microscopy  (1000  X).  Panel  a,  eight  hours  after  irradiation,  p53‘’®°  (lop)  or 
parental  (bottom)  MEL  cells  were  stained  with  ethidium  bromide  and  acridine  orange.  Parental  (top)  or  p53‘^^°  (bottom)  MEL  cells  were  stained  with  Hoechsi 
33342.  Unirradiated  p53""'‘’  cells  (panel  b),  and  p53'“-'''  (lop)  and  parental  (bottom)  cells  8  h  (panel  c),  or  24  h  (panel  d)  after  irradiation  are  shown.  Note  that 
irradiated  cells  expressing  wtp33  demonstrate  nuclear  condensation,  fragmenting  and  cytoplasmic  blotting  while  irradiated  parental  cells  demonstrate  nuclear 
and  cytoplasmic  swelling.  > 


Radiation  is  fell  to  induce  cell  death  by  damaging  DNA 
and  this  can  result  in  inhibition  of  DNA  synthesis  and/or 
replication  by  GI  and  G2  arrest  (8).  XRT  also  results  in  the 
generation  of  free  radicals  which  are  felt  to  induce  oxidative 
base  damage  to  DNA  including  DNA  strand  breaks  and  the 
production  of  thymine  glycols  ( 1 ).  Cells  exposed  to  radiation 
die  via  both  apoptosis  and  necrosis.  At  high  doses  of  XRT 
cells  display  features  typical  of  necrosis  whereas  after  low 
doses  of  XRT,  cells  may  undergo  apoptotic  death  (1,37).  Our 
data  show  that  in  MEL  cells  apoptotic  death  is  dependent  on 
wip53  whereas  necrotic  cell  death  is  independent  of  wtp53 
expression.  Our  data  also  indicate  that  p53-independent  cell 
death  (necrosis)  occurs  later  and  less  efficiently  than  p53- 
dependent  XRT-induced  apoptosis  (Figures  1,  2).  p53-Depend- 
ent  radiation-induced  cell  death  requires  lesser  amounts  of 
radiation  than  p53-independent  radiation-induced  cell  death. 
In  MEL  cells  expressing  wtp53,  there  is  a  maximal  response 
at  200  cGy,  doses  above  which  there  is  minimal  additional 
killing.  The  p53-independent  XRT-induced  cell  death  pathway. 


however,  requires  greater  amounts  of  radiation  with  minimal 
amount  of  death  occuring  after  the  exposure  to  200  cGy,  and 
maximum  killing  seen  with  dosages  of  800  cGy.  This  suggests 
that  the  apoptotic  p53-dependent  pathway  requires  a  lesser 
amount  of  radiation  to  achieve  efficient  cell  killing  with  little 
additional  dose  effect.  Thus,  the  p53-independent  pathway  is 
less  efficient,  requires  higher  doses  of  XRT,  and  is  XRT  dose- 
dependent. 

Tumors  of  epithelial  origin  often  contain  mutations  which 
result  in  loss  of  the  p53  genes  (38).  However,  a  certain 
percentage  of  such  tumors  express  wtp53,  suggesting  that 
there  are  other  means  to  escape  p53  functions.  Such  genetic 
differences  may  be  relevant  to  response  to  treatment  and  our 
data  support  the  hypothesis  that  expression  of  wtp53  can 
confer  sensitivity  to  ionizing  radiation  (13,14).  In  contrast  with 
p53,  Bcl-2  has  been  shown  to  inhibit  apoptotic  death  in  many 
systems  (18,19).  Bcl-2  is  also  known  to  protect  some  cells 
from  radiation-induced  apoptotic  death  but  the  p53  status  is 
not  known.  A  recent  report  showed  radiation  could  induce 
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apoptosis  by  a  p53-independent  mechanism  and  this  was 
inhibitable  by  bcl-2  (39).  In  contrast,  our  studies  show  that 
p53-independent  radiation  death  was  most  likely  due  to  necrosis 
and  not  due  to  apoptosis  and  that  bcl-2  delays  radiation- 
induced  necrosis.  This  suggests  that  in  cells  which  co-express 
p53  and  bcl-2,  any  process  which  down-regulates  Bcl-2  may 
trigger  or  facilitate  apoptosis. 

We  have  now  shown  that  BcI-2  completely  protected  MEL 
cells  from  p53-dependent  radiation  death  and  attenuated  p53- 
independent  radiation-induced  death.  We  predict  that  tumors 
that  express  high  levels  of  wtp53  and  low  levels  of  Bcl-2 
would  be  most  sensitive  to  DNA  damaging  agents  such  as 
XRT.  Tumor  cells  expressing  wtp53  that  would  normally 
undergo  efficient  XRT-induced  apoptotic  cell  death  would  be 
protected  by  BcI-2.  Although  BcI-2  is  thought  to  regulate 
apoptosis,  recently  it  has  been  shown  that  it  might  also  protect 
normal  cells  from  necrosis  secondary  to  glutathione  deprivation 
(40).  Thus,  tumors  with  high  levels  of  Bcl-2  would  be  expected 
to  be  more  resistant  to  XRT  pathways.  Indeed,  it  is  possible 
that  expression  of  Bcl-2,  or  a  homolog  such  as  Bc1-Xl  (41), 
might  be  one  of  the  major  factors  which  predict  response  to 
radiation  therapy. 

In  this  paper  we  have  demonstrated  that  wtp53  is  essential  for 
XRT-induced  apoptosis.  We  have  also  shown  that  an  alternative 
form  of  XRT-induced  cell  death  occurs  which  is  independent  of 
p53  and  is  most  likely  necrotic  death.  BcI-2  appears  to  modulate 
both  forms  of  XRT  lethality.  Bcl-2  prevents  p53-dependent 
XRT-induced  cell  death  and  attenuates  p5 3-independent  radi¬ 
ation-induced  cell  death.  It  is  becoming  apparent  that  deregu¬ 
lated  expression  of  BcI-2  often  occurs  in  many  epithelial 
tumors  including  cancer  of  the  prostate  and  breast,  as  well  as 
leukemia,  lymphomas,  and  pediatric  neuroblastoma  (25-28). 
These  observations  suggest  that  strategies  designed  to  down- 
regulate  or  functionally  inhibit  Bcl-2  might  markedly  increase 
the  effectiveness  of  radiation  therapy. 
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ABSTRACT  Many  cancers  overexpress  a  member  of  the 
bcl-2  family  of  inhibitors  of  apoptosis.  To  determine  the  role 
of  these  proteins  in  maintaining  cancer  cell  viability,  an 
adenovirus  vector  that  expresses  M-xy,  a  functional  inhibitor 
of  these  proteins,  was  constructed.  Even  in  the  absence  of  an 
exogenous  apoptotic  signal  such  as  x-irradiation,  this  virus 
specifically  and  efficiently  kills  carcinoma  cells  arising  from 
multiple  organs  including  breast,  colon,  stomach,  and  neuro¬ 
blasts.  In  contrast,  normal  hematopoietic  progenitor  cells  and 
primitive  cells  capable  of  repopulating  severe  combined  im- 
munodeficient  mice  were  refractory  to  killing  by  the  bcl-xs 
adenovirus.  These  results  suggest  that  Bcl-2  family  members 
are  required  for  survival  of  cancer  cells  derived  from  solid 
tissues.  The  bcUxs  adenovirus  vector  may  prove  useful  in 
killing  cancer  cells  contaminating  the  bone  marrow  of  pa¬ 
tients  undergoing  autologous  bone  marrow  transplantation. 


It  is  becoming  increasingly  apparent  that  disruption  of  the 
pathways  regulating  programmed  cell  death  (PCD;  apoptosis) 
is  integral  to  the  etiology  of  a  variety  of  cancers.  Expression  of 
certain  tumor-suppressor  proteins  such  as  p53  can  induce  some 
cancer  cells  to  undergo  apoptosis  (1-4).  Oncogenes  have  also 
been  implicated  in  PCD.  For  example,  several  groups  have 
observed  that  deregulated  expression  of  c-myc  can  activate  the 
apoptosis  pathway  (5-7).  Furthermore,  bc/-2,  the  gene  dereg¬ 
ulated  in  most  follicular  lymphomas,  primarily  functions  to 
inhibit  apoptosis  (for  reviews,  see  refs.  8  and  9).  bcl-2  encodes 
an  intracellular  membrane-associated  protein  that  has  been 
localized  to  the  mitochondria,  endoplasmic  reticulum,  and 
perinuclear  regions  (9),  Although  expression  of  bcl-2  does  not 
stimulate  cell  proliferation,  it  can  cooperate  with  c-myc  (10, 
11)  to  cause  transformation.  Moreover,  expression  of  high 
levels  of  Bcl-2  protein  in  normal  or  neoplastic  cells  delays  or 
inhibits  PCD  induced  by  many  factors  including  p53,  Myc, 
chemotherapy,  and  ionizing  radiation  (8,  9).  A  large  percent¬ 
age  of  epithelial  and  hematopoietic  tumors  overexpress  Bcl-2 
(8,  9).  Furthermore,  overexpression  of  Bcl-2  is  correlated  with 
poor  prognosis  and  resistance  to  treatment  in  patients  with 
neuroblastoma  (12),  prostatic  cancer  (13),  and  some  forms  of 
leukemia  (14). 

Recently,  a  homolog  of  bcl-2,  called  bcl-x,  has  been  identi¬ 
fied  and  partially  characterized  (15,  16).  As  a  result  of  alter¬ 
native  splicing,  two  bcl-x  mRNA  species,  designated  bcl-x^  and 
bcl-xs,  were  identified  in  the  human.  The  former,  like  bcl-2, 
inhibits  apoptosis  (15,  17).  The  latter  is  thought  to  function  as 
a  repressor  of  Bcl-2,  as  it  enhances  apoptotic  signals  in  cells 
that  express  Bcl-2  (15).  Postulating  that  inactivation  of  Bcl-2  or 
BcI-xl  might  increase  the  susceptibility  of  cancer  cells  to  PCD, 


an  adenovirus  vector  that  expresses  Bcl-xs  protein  was  con¬ 
structed.  Primary  carcinoma  cells,  as  well  as  cell  lines  derived 
from  solid  tumors,  rapidly  underwent  cell  death  after  infection 
with  the  bcl-xs  adenovirus.  In  primary  breast  cancer  cells  and 
multiple  breast  cancer  cell  lines,  expression  of  bcl-xs  was 
associated  with  rapid  induction  of  cell  death.  In  contrast, 
human  hematopoietic  progenitor  cells  exposed  to  this  virus 
maintained  viability  and  retained  their  ability  to  reconstitute 
the  bone'  marrow  of  irradiated  immune-deficient  mice.  Block¬ 
ing  Bcl-2  or  Bc1-xl  function  by  the  bcl-xs  adenovirus  appears 
to  provide  another  strategy  for  inducing  apoptosis  in  tumor 
cells.  These  findings  have  important  implications  for  cancer 
therapy. 

MATERIALS  AND  METHODS 

Construction  of  the  bcl-xs  Adenovirus.  The  plasmid  pBSbcl-Xs 
(15)  was  digested  with  EcoRI,  and  customized  BamHl  linkers 
were  ligated  onto  the  ends;  the  ^536-bp  fragment  was  purified 
and  ligated  into  SamHI-digested  pAd5RSV  plasmid  (18).  The 
pAd5RSV  bcl-xs  recombinant  virus  was  isolated  by  in  vivo 
homologous  recombination  between  the  linearized  pAd5RSV 
bcl-xs  plasmid  and  the  replication-deficient  sub360  adenovirus 
that  has  a  partial  deletion  of  the  E3  region  and  deletion  of  the 
ElA  and  ElB  genes  (18).  Three  recombinant  viruses  that 
expressed  Bcl-xs  protein  in  infected  ceils  were  plaque-purified 
twice.  Large  preparations  of  adenovirus  were  made  by  infect¬ 
ing  293  cells  and  purifying  crude  virus  preparations  by  CsCl 
centrifugation  (19). 

Cell  Infections  with  Recombinant  Adenoviruses.  The  num¬ 
ber  of  adenovirus  particles  in  viral  stocks  was  determined  by 
spectrophotometry  (18).  Adenovirus  titers  were  determined 
by  limiting  dilution  and  plaque  formation  of  293  cells  exposed 
to  the  virus  dilutions.  Absence  of  replication-competent  virus 
was  confirmed  by  limiting  dilution  and  plaque  formation  of 
HeLa  cells  exposed  to  the  virus  dilutions.  Each  cell  line  was 
infected  with  a  stock  of  the  /3-galactosidase  virus  of  known  titer 
and  then  stained  with  5-bromo-4-chloro-3-indolyl  j3-D-galac- 
toside  (X-Gal)  to  determine  the  number  of  viruses  per  cell 
needed  to  infect  85-98%  of  each  cell  line.  Unless  otherwise 
indicated,  the  concentration  of  the  bcl-xs  adenovirus  used  to 
infect  cells  was  identical  to  the  number  of  ]3-galactosidase 
viruses  that  infected  85-98%  of  the  cells.  Cells  were  exposed 
to  the  adenovirus  vectors  for  4  hr  in  serum-free  medium.  The 
medium  was  then  replaced  with  tissue  culture  medium/2% 
fetal  calf  serum,  and  the  cells  were  incubated  overnight.  The 
next  day  the  medium  was  removed  and  replaced  with  tissue 
culture  medium/10%  serum.  Cell  viability  was  measured  by 
trypan  blue  exclusion. 
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Analysis  of  Bcl-x  Protein.  Immunoblot  analysis  of  Bcl-x 
proteins  was  done  as  described  (17)  by  using  a  rabbit  anti-Bcl-x 
antiserum.  The  blots  were  developed  with  epichemilumines- 
cence  substrate  (Amersham). 

Hematopoietic  Cell  Assays.  Bone  marrow  was  harvested 
from  normal  human  volunteers  by  using  a  protocol  approved 
by  the  University  of  Michigan  Institutional  Review  Board. 
Low-density  mononuclear  cells  were  isolated  using  Ficoll/ 
Hypaque  centrifugation  essentially  as  described  (20).  Hema¬ 
topoietic  cells  (lx  10^)  were  mixed  with  1.5  x  10"*  pSV2-neo- 
transfected  SHSY-5  neuroblastoma  cells.  The  cells  were  then 
infected  with  adenovirus  in  serum-free  medium  containing  kit 
ligand  at  1  mg/ml  and  interleukin  3  at  10  mg/ml.  After  2  days 
of  culture,  cells  were  harvested,  and  triplicate  progenitor 
assays  using  1  x  10"^  cells  were  done  as  described  (20).  To  assay 
for  viability  of  SHSY-5  cells  that  had  been  mbced  with  hema¬ 
topoietic  cells  and  then  exposed  to  the  bcl-xs  adenovirus,  cells 
were  grown  in  tissue  culture  medium  containing  the  antibiotic 
Geneticin  at  1  mg/ml  to  kill  the  normal  hematopoietic  cells.  To 
determine  the  ability  of  bcl^xs  adenovirus-infected  cells  to 
engraft  nonobese  diabetic  (Nod)/severe  combined  immuno¬ 
deficiency  (SCID)  mice,  1  x  10^  low-density  bone  marrow 
mononuclear  cells  were  infected  with  0,  2  x  10^,  5  x  10*^,  or 
10^  adenoviruses  per  cell  and  inoculated  into  the  tail  vein  of 
irradiated  (400  cGy)  Nod/SCID  mice  (21).  After  1  mo,  the 
mice  were  sacrificed,  and  the  bone  marrow  was  harvested  and 
analyzed  for  human  hematopoietic  cells  essentially  as  de¬ 
scribed  (22). 


RESULTS 
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Construction  of  Adenoviral  Vector  Expressing  Bcl-xs.  We 
and  others  have  recently  demonstrated  that  the  overexpression 
of  Bcl-2  oncogene  will  block  p53-induced  apoptosis  (9).  This 
finding  led  to  the  prediction  that  inhibition  of  Bcl-2  function 
might  induce  apoptosis  in  tumor  cells  that  express  wild-type 
p53.  To  test  this  hypothesis,  an  adenovirus  vector  that  ex¬ 
presses  bcbxsy  a  functional  inhibitor  of  Bcl-2,  was  constructed 
by  inserting  the  bcl-xs  coding  sequences  into  the  pADRSV 
vector  (Fig.  I  A).  Nine  virus  plaques  were  isolated  by  cotrans¬ 
fecting  the  pADRSV  bcbxs  construct  with  the  sub360  adeno¬ 
virus  into  293  human  kidney  cells  (23),  and  the  viruses  were 
amplified.  Restriction  digests  and  Southern  blots  revealed 
three  viruses  that  contained  the  bcbxs  minigene.  Immuno- 
blotting  using  a  rabbit  polyclonal  antibody  raised  against  the 
Bcl-x  protein  revealed  that  MCF-7  breast  cancer  cells  infected 
with  the  bcl-xs  adenovirus,  but  not  with  a  control  adenovirus 
that  contains  a  j3-galactosidase  gene,  expressed  the  *«21-kDa 
Bcl-xs  protein  (Fig.  IB). 

The  bcbxs  Adenovirus  Is  Lethal  to  a  Broad  Range  of  Cancer 
Cells.  MCF-7  breast  cancer  cells  (which  express  high  levels  of 
wtp53  and  Bcl-2)  infected  with  the  bcbxs  adenovirus,  but  not 
MCF-7  cells  infected  with  the  control  virus,  began  dying  2  days 
after  infection.  When  cells  were  analyzed  6  days  after  infection, 
the  MCF-7  cells  infected  with  the  ^-galactosidase  adenovirus 
had  grown  and  formed  colonies.  In  contrast,  MCF-7  cells 
infected  with  the  bcl-xs  adenovirus  became  rounded,  subse¬ 
quently  detached  from  the  tissue  culture  plastic,  and  died  (Fig. 
2/4).  Dying  cells  infected  with  the  bcbxs  adenovirus  morpho¬ 
logically  resembled  cells  undergoing  apoptosis.  They  were 
shrunken  with  picnotic  nuclei  and  cytoplasmic  blebbing  (Fig. 
2/4).  Furthermore,  DNA  degradation,  a  hallmark  of  apoptosis, 
was  detected  in  situ  in  virtually  all  cancer  cells  infected  with  the 
bcl-xs  adenovirus  but  not  with  the  control  virus  using  the 
terminal  deoxynucleotidyl  transferase  (TdT)-mediated  dUTP 
nick  end-labeling  (TUNEL)  assay  (24)  (data  not  shown). 
Several  other  types  of  cancer  cells  including  cells  of  breast, 
colon,  and  neuroblastoma  origin  were  also  killed  by  the  bchxs 
adenovirus  (Table  1).  As  reported,  the  adenovirus  containing 
the  /3-galactosidase  gene  alone  demonstrated  various  degrees 


Fig.  1.  {A)  The  bcbxs  adenovirus.  The  pRSVAd//?c/-X5  construct 

is  shown.  SV40,  simian  virus  40;  Ad,  adenoma  virus.  {B)  Immunoblot 
of  lysates  from  MCF-7  cells.  Expression  of  Bcl-xs  protein  was  analyzed 
bv  SDS/PAGE  and  immunoblotting  with  a  rabbit  polyclonal  anti¬ 
serum  (17).  Lanes:  1,  200  /xg  of  protein  fromFL5.12  cells  transfected 
with  pSFFV/M-.V5  minigene  (15);  2,  40  /xg  of  protein  from  the 
parental  MCF-7  cells  infected  with  ^-galactosidase  adenovirus;  3,  40 
/xg  of  protein  from  MCF-7  cells  infected  with  bclxs  adenovirus. 
Ntolecular  size  standards  are  shown  at  left  (in  kDa).  Note  that  MCF-7 
cells  infected  with  bcl-xs  adenovirus  express  the  ‘=«21-kDa  Bcl-xs 
protein. 

of  toxicity  to  some  but  not  all  cancer  cell  lines  (25).  To 
determine  whether  the  bcbxs  adenovirus  can  induce  cell  death 
in  primary  cancer  cells,  breast  cancer  cells  isolated  from  six 
patients  were  exposed  to  the  virus.  When  infected  with  p-ga- 
lactosidase  virus  at  1  X  10^  to  1  x  10*^  viruses  per  cell,  there 
was  no  effect  on  viability  (Fig.  2B).  In  contrast,  cells  infected 
with  even  the  lowest  concentration  of  the  bcl-xs  adenovirus 
showed  a  marked  cytotoxicity  (Fig.  2B).  Primary  cells  isolated 
from  one  of  the  patients  would  form  colonies  in  tissue  culture. 
Fifty  thousand  cells  from  this  patient  were  cultured  after 
infection  with  zero  or  1  x  10"^  viruses  per  cell.  Although 
innumerable  colonies  formed  in  the  control  cultures,  none 
formed  in  the  cells  infected  with  the  bcl~x$  adenovirus  (data 
not  shown).  The  bcl-xs  adenovirus  was  also  lethal  to  primary 
breast  cancer  cells  isolated  from  five  other  patients  (Table  1). 

The  ability  of  bcl-xs  adenovirus-infected  cells  to  grow  in  vivo 
was  tested.  Two  days  after  5  x  10"*  RKO  colon  cancer  cells 
were  infected  with  the  bcl-x  $  adenovirus,  but  not  the  j3-galac- 
losidase  virus,  the  cells  began  dying.  By  day  6,  only  a  few  of  the 
bcl-x s  adenovirus-infected  cells  excluded  trypan  blue  (data  not 
shown).  Next,  5  million  RKO  cells  were  infected  with  2  X  10- 
bcl-xs  adenoviruses  per  cell  or  j3-galactosidase  viruses  per  cell. 
L'ninfected  cells  or  colon  cancer  cells  infected  with  the  control 
virus  formed  tumors  in  7  out  of  10  and  2  out  of  5  injected  nude 
mice,  respectively  (Table  2).  In  contrast,  RKO  cells  infected 
with  the  hcl-xs  adenovirus  did  not  form  tumors  in  any  of  the 
15  mice  injected  with  such  cells  (Table  2). 
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Ibc  iiulicalcil  cell  lines  were  infected  with  ht  hxs  adenovirus  by  usiiij* 
:t  wIruH  liter  tJiai  rcsnlic%i  In  ex()^e«:^u>rt  of  f^gahicui^idxse  in  >05^^  of 
cells  intccted  with  the  same  iiirr  of  /J*^:ilacu>sidiisc  virus.  In  cell  lines, 
each  exporimem  wa>  ilonc  in  iripliCiite,  and  viuhiliiy  wa>  determined 
6  days  after  Inrcdioii.  De>;ree  of  cyioxlciiy  w;ts  sls  follows:  -  (<,W). 
•f*  K  i  (26  .511%),  »•  4  I- {51  •y(K?.),and  4- +  4.+ (vi-ioo*/.). 

*l5reas!  traiUHTr  cells  isolated  fn>m  cirhet  pleural  or  ascites  fluid  were 
collected  by  Ihc  Uiiiversiiy  t>f  Miehijfan  tissue  pmcurcmciii  laboratory 
and  stored  in  liquid  nitrogen.  ‘I'hesc  cells  were  pbced  in  lissue  eulrurc 
inciliurii  and  exposed  lo  the  ailcnovirus.  ‘Ilic  piitnary  breast 
cancer  cells  were  infected  with  identical  riicCKof  either  /J-|^ilaciosid:i.se 
iir  hrf'is  adcntivirtis  that  resulted  in  cxpre.vsion  of  fj-galaciosidasc  in 
niosi  cells.  The  pi  iinary  bivsiM  cancer  cells  infected  with  /^-gjilactosi- 
dasc  virus  ivniained  viable. 


rescue  the  damaged  hcmaitipoiciic  system  is  felt  to  cure  some 
children  with  neuroblastoma  (2ft).  Unforttinaicly,  the  bone 
marrow  of  such  paiieiils  is  often  coiitaniiiKiUul  with  iiciiro- 
blastoma  cells  that  coiuribute  to  relapse  (27).  'lo  iniinic  the 
siuiatiun  in  which  ln>nc  marniw  cells  collected  for  Innie 
marrow  transplantation  arc  ctintamiiiaied  with  cancer  cells,  I 
X  itr  low-density  human  bone  marrow  mononuclear  cells 
were  mixed  with  x  lir*  SHSY-5  huinan  ncnroblastonia 
cells.  'Hie  lowest  virusconccniiaiion  (2  ^  m*  viruses  per  cell) 
completely  inhibited  the  aluliiy  of  SI  ISY-5  ncurohlastonia 
cells  to  form  colonics  (data  noi  shown).  After  exposure  of  the 
bone  marrow  cells  to  2«  III  x  lo^  viruses  per  cell,  which  uually 
inhibited  proliferation  of  the  nctirohlastorna  cells,  human 
hematopoietic  progenitor  cells  remained  vialile  and  formed 
colonics  in  meihylcelliilosc  (big.  3).  rhcrc  was  a  slighi  de¬ 
crease  in  hematopoietic  cell  cidonics  after  exposure  lo  I  x  l(H 
viruses  per  cell.  This  result  was  noi  specific  for  the  Mxs 
adenovirus  because  ii  was  observed  with  a  coniroj  adenoviru.s 
(data  not  shown)  and  is  probably  secondary  Ui  nonspecific  viral 
panicle  toxicity  at  very  high  dose.s  (»,!).,  unptihlishct!  obser¬ 
vation), 

Hematopuielic  Cells  I*:x|Mi.seil  to  the  M-xs  Aclenovlrux  Re- 
lalned  the  Ability  to  Reconstitute  Bone  Marrow.  For  t|ie  hti-w 
adenovirus  to  be  clinically  effective  in  lumor  cell  ptnging, 
human  hematopoietic  stem  cells  capable  of  repopiilating  the 
patient  must  be  spared.  Recently,  transplaiitution  a.ssays  for 
primitive  human  SCiO-rcpopulating  cells  (21)  have  been 
developed  by  engrail  tug  htinuin  bone  niurrow  oi  cord  bitnul  in 
irradiated  immune-dcficicni  5it.iO  or  Nod/SC!l2  mice  (22. 

'Fable  2,  Tumor  formation  in  nude  mice 

Mice  irijccicd. 

Adenovirus  nn, 

Mock  in 

p.OsilaccosUhiKc  S 

_  M-Xy  15 
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ademwiru>  per  cell.  Approximaicly  I  ft  hr  laici,  .s  x  Ilf  tvlb  were 
collccicd  and  injected  into  the  flanks  of  nude  mice,  f  «>miol  cells 
(either  fn(H;k-infcercd  cells  <»r  fl-gahiero:«ula!ic  ailctiovjtujk.jnfecicil 
cells)  were  injected  into  one  flank,  amt  M  adenov|ni.^..iMlcc(cd  cells 
were  injected  inu»  the  opposite  llaitk  of  1 5  mice.  Mice  were  examined 
4  weeks  later  for  unnoi>,  Suitlsiical  iinalysi.N  usinn  the  Wilciuon 
njgned-rank  unuIvKis  shows  »  signlficam  dirrcrence  in  the  ininibef  <if 
tumors  thill  the  contn>l  cells  v^.  the  iidennvirus-iniecied  cells 

formed  (/'  -  tt.lIlH). 
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Viral  MOI 

Fig.  3.  Mononuclear  cells  from  normal  human  bone  marrow  were 
isolated  as  described  (20).  Duplicate  samples  of  hematopoietic  cells 
were  infected  with  the  indicated  number  of  bcl^xs  adenoviruses  per 
cell,  and  then  progenitor  assays  were  done  in  triplicate.  Note  that  only 
at  the  highest  virus  concentration  is  there  any  decline  in  colony 
numbers.  Data  from  one  experiment  are  shown.  A  second  experiment 
using  a  different  donor  yielded  essentially  identical  results.  MOI, 
multiplicity  of  infection. 

28).  To  ensure  that  SCID-repopulating  cells  remained  func¬ 
tional  after  exposure  to  the  bcl‘Xs  adenovirus,  treated  human 
bone  marrow  cells  were  transplanted  into  Nod/SCID  mice. 
Human  bone  marrow  mononuclear  cells  were  exposed  to  up  to 
1  X  10^  bcbxs  adenovirus  vector  per  cell  and  cultured  in  vitro. 
The  hematopoietic  cells  (lx  10’)  were  then  infused  into  the 
tail  vein  of  irradiated  mice  according  to  standard  protocols 
(21,  22).  One  month  after  transplantation,  DNA  analysis  with 
a  human-specific  a-satellite  probe  indicated  that  significant 
levels  of  human  cells  had  repopulated  the  mouse  bone  marrow 
(Table  3).  In  addition,  the  bone  marrow  contained  multiple 
lineages  of  human  myeloid  and  erythroid  progenitors,  even  in 
mice  transplanted  with  cells  exposed  to  the  highest  virus  titer 
(Table  3).  Quantitatively  and  qualitatively,  these  mice  were 
indistinguishable  from  several  hundred  mice  that  we  have 
transplanted  with  normal  human  cells,  indicating  that  the 
SCID-repopulating  cells  were  unaffected  by  exposure  to  the 
bcbxs  adenovirus.  These  data  suggest  the  feasibility  of  using 
the  bcl‘Xs  adenovirus  vector  to  eliminate  cancer  cells  from  the 
bone  marrow  while  sparing  normal  stem  cells. 


DISCUSSION 

It  has  been  postulated  that  Bcl-2  may  contribute  to  the 
malignant  phenotype  by  blocking  apoptotic  pathways  in  cancer 
cells.  In  this  present  report,  we  used  an  adenovirus  vector 
containing  bcPxs,  a  functional  inhibitor  of  Bcl-2,  to  induce 
PCD  in  human  cancer  cells  derived  from  a  variety  of  solid 
tumors.  Furthermore,  our  evidence  shows  that  the  cytotoxicity 
induced  by  the  bcPxs  adenovirus  vector  is  cell-type  specific 
because  normal  human  bone  marrow  hematopoietic  progen¬ 
itor  cells  are  resistant  to  bcbxs  adenovirus-induced  apoptosis. 
Indeed,  human  hematopoietic  cells  exposed  to  these  viruses 
retained  the  ability  to  reconstitute  the  bone  marrow  of  irra¬ 
diated  SCID  mice. 

Initial  descriptions  of  Bcl-xs  suggested  that  expression  of  this 
protein  inhibited  the  ability  of  Bcl-2  to  protect  cells  from  PCD 
induced  by  interleukin  3  withdrawal  (15).  It  is  notable  that  the 
bcl-xs  adenovirus  is  uniformly  lethal  to  all  solid  tumor  cells 
thus  far  tested.  In  contrast,  the  bcl-xs  adenovirus  failed  to 
induce  cell  death  in  hematopoietic  precursors.  The  mechanism 
for  this  cell -type  specificity  is  presently  unknown.  Expression 
of  bcbx  is  obligate  for  fetal  liver  hematopoiesis  (29).  However, 
it  is  not  known  whether  expression  of  BcI-Xl  is  necessary  for 
adult  hematopoiesis  or  at  what  stage  of  differentiation  expres¬ 
sion  of  bcbxi^  is  required  for  survival.  The  cell-type  selectivity 
of  the  bcl-xs  adenovirus  may,  at  least  partly,  be  due  to  the  fact 
that  these  recombinant  adenoviruses  do  not  result  in  pro¬ 
longed  expression  of  transgenes  in  hematopoietic  stem  cells 
and  that  expression  of  BcI-Xl  is  not  required  for  such  cells  to 
survive.  It  is  also  possible  that  the  bcbxs  adenovirus  does  not 
infect  stem  cells.  Recent  evidence  shows  that  adenovirus 
vectors  demonstrate  tissue  specificity.  In  lung  tissue  recombi¬ 
nant  adenoviruses  do  not  efficiently  transduce  columnar  epi¬ 
thelial  cells  in  vivo  (30). 

The  observation  that  the  bcbxs  adenovirus  is  uniformly  toxic 
to  such  a  diverse  number  of  cancer  cells  suggests  that  expres¬ 
sion  of  a  bcl-2  family  member  may  be  obligate  for  cell  survival 
in  cancer  cells  of  solid  tissue  origin.  It  has  been  thought  that 
BcI-2  and  Bc1-Xl  proteins  protect  cells  from  apoptotic  signals 
such  as  those  induced  by  growth  factor  withdrawal  or  DNA 
damage  (8,  9).  Our  results  suggest  that  such  signals  might  be 
constitutively  present  in  certain  cells.  Cells  stably  transfected 
with  a  bcl-xs  plasmid  and  grown  using  selection  medium  in 
culture  (15)  uniformly  express  a  small  amount  of  Bcl-xs  protein 
compared  with  cells  infected  with  the  bcl-xs  adenovirus  (G.N., 
unpublished  data).  Thus,  efficient  induction  of  apoptosis  by 


Table  3.  Human  hematopoietic  cell  engraftment  of  SCID  mice 


Human 
cells,  % 

Colonies 

BFU-E 

G 

M 

CFU- 

GM 

GEMM 

Total 

Mock  infection 

1-10 

3 

27 

18 

0 

1 

49 

Mock  infection 

0 

1 

4 

0 

0 

0 

5 

2K  virus  infection 

10-50 

22 

43 

81 

4 

1 

151 

2K  virus  infection 

10-50 

38 

77 

157 

4 

2 

278 

5K  virus  infection 

l-IO 

2 

9 

13 

0 

0 

24 

5K  virus  infection 

N/A 

— 

— 

— 

— 

— 

— 

lOK  virus  infection 

1-10 

2 

15 

24 

1 

! 

43 

lOK  virus  infection 

1-10 

2 

17 

16 

2 

0 

37 

Low-density  mononuclear  cells  from  human  bone  marrow  were  collected  as  described  (20)  and  infected 
with  the  indicated  number  of  the  bcl-xs  adenoviruses  per  cell.  The  next  day,  irradiated  SCID  mice  were 
injected  with  x  10"^  cells  essentially  as  described  (21,  22).  After  1  mo,  bone  marrow  cells  were 
harvested.  Southern  blots  were  done  to  determine  the  percentage  of  human  cells  in  the  bone  marrow  (22). 
Low-density  mononuclear  cells  were  cultured  in  duplicate  in  methylcellulose  with  human  hematopoietic 
growth  factors,  and  erythroid  (BFU-E),  granulocyte  (CFU-G),  macrophage  (CFU-M),  granulocyte/ 
macrophage  (CFU-GM),  and  mixed  granulocyte/erythroid/monocyie  (CFU-GEMM)  colonics  were 
counted  2  weeks  later.  One  of  the  mice  injected  with  cells  that  were  exposed  to  5  x  10'  {5K)  viruses  per 
cell  died  before  analysis.  Note  that  mouse  marrow  was  engrafted  with  human  hematopoietic  cells  exposed 
to  the  highest  titer  of  virus. 
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the  bcl-xs  adenovirus  may  relate  to  its  ability  to  transduce  high 
levels  of  Bcl-xs  protein  in  infected  cells.  An  alternative  expla¬ 
nation  is  that  cancer  cells  infected  with  the  bcl-xs  adenovirus 
express  an  effector  of  apoptosis,  either  an  endogenous  effector 
or  a  virally  encoded  effector  (or  both). 

Cancer  cell  contamination  of  bone  marrow  used  to  rescue 
patients  from  high-dose  chemotherapy  is  a  significant  problem 
in  the  treatment  of  neuroblastoma  (31)  and  breast  cancer  (32). 
Elegant  retrovirus-tagging  experiments  have  shown  that  rein- 
fusion  of  malignant  cells  contributes  to  the  relapse  of  neuro¬ 
blastoma  (27).  In  all  relapsed  patients,  biopsies  of  such  tumors 
showed  that  virally  marked  cells  were  invariably  present  (27). 
We  have  shown  that  after  infection  of  contaminated  bone 
marrow  cells  with  the  bcl-xs  adenovirus,  the  cells  can  be 
incubated  in  vitro  for  a  short  period  to  allow  the  carcinoma  cells 
to  die  and  then  be  infused  into  a  mouse  and  reconstitute 
hematopoiesis.  By  this  method,  the  bcl-xs  adenovirus  can  be 
used  as  a  “molecular  scalpel,”  either  by  itself  or  in  conjunction 
with  other  purging  techniques  (33),  to  selectively  eliminate 
contaminating  tumor  cells  from  bone  marrow  samples.  To¬ 
gether,  these  observations  suggest  that  strategies  such  as  the 
bcl-xs  adenovirus  designed  to  disrupt  the  bcl-2  family  pathway 
may  provide  alternative  therapeutic  approaches  to  cancer 
treatment. 
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Abstract 

is  a  dominant  negative  repressor  of  Bcl-2  and  BcI-Xl.  both  of 
which  inhibit  apoptosis.  We  used  a  replication-deficient  adenoviral  vector 
to  transiently  overevpress  Bcl-x,  in  MCF-7  human  breast  cancer  cells, 
which  overexpress  BcI-Xl*  Infection  with  this  vector  induced  apoptosis  in 
vUnf.  We  then  determined  the  effects  of  inlratumoral  injection  of  bchx, 
adenovirus  on  solid  MCF-7  tumors  in  nude  mice.  Tumors  inj^ted  four 
times  with  the  6c/- j.  adeno\irus  showed  a  50^  reduction  in  size.  Using 
terminal  transferase-mediated  dUTP-digo\igenin  nick  end  labeling,  we 
observed  apoptotic  cells  at  sites  of  6c/-x,  adcnmiral  injection.  These 
experiments  demonstrate  the  feasibility  of  using  6c/-x,  gene  therapy  to 
induce  apoptosis  in  human  breast  tumors. 

Introduction 

Overexpression  of  genes  that  inhibit  programmed  cell  death  (apop¬ 
tosis)  may  play  a  role  in  the  etiology  ot  a  variety  ot  cancers  (1), 
including  breast  cancer.  Genes  in  these  paihwa>s.  therefore,  may 
represent  novel  targets  for  cancer  therapy.  The  proto-oncogene  bcl-2 
is  overexpressed  in  up  to  70Q  of  breast  cancers  (2)  and  may  be  an 
important  negative  regulator  of  apoptosis  in  these  cancers.  The  Bcl-2 
protein  was  first  described  as  being  overexpressed  in  follicular  lym¬ 
phomas.  in  which  it  participates  in  tumor  formation  by  blocking  cell 
death  (3.  4).  The  ability  of  Bcl-2  overexpression  to  inhibit  apoptosis 
has  been  verified  m  vivo  using  transgenic  mice  {5).  A  genetic  homo- 
ioeue  of  bcl-2  named  bcl-x  has  been  cloned.  Due  to  alternate  mRNA 
splicins.  the  bcl-x  sene  is  transcribed  into  long  \hcl-Xf)  and  short 
ibcl-x,]  forms  (6i-  The  Bc1-Xl  protein,  like  Bcl-2.  functions  as  an 
inhibitor  of  apoptosis  (6-8).  Overexpres.sion  ot  Bcl-x,  has  been 
shown  to  protect  human  neuroblastoma  cells  from  apoptosis  induced 
bv  the  chemotherapeutic  agents  4-hydroperoxyc>clophosphamide  and 
cisplaiin  (7).  In  contrast,  the  Bcl-x,  protein  functions  as  a  dominant 
negative  repressor  of  Bcl-2  and  Btl-x,  <6.  9).  We  have  prexiously 
reported  that  4-fold  overexpression  of  Bcl-x,  in  MCF-7  human  breast 
cancer  cells,  which  express  Bcl-2  and  overexpress  Bcl-x, .  sensitized 
these  cells  to  apoptosis  induced  by  the  chemotherapeutic  agents 
eioposide  and  taxol  (10).  The  inability  to  produce  stably  transfected 
clones  that  overexpress  Bcl-x,  by  more  than  4-told  suggests  that 
higher  levels  of  Bcl-x,  may  be  lethal  to  cells.  Therefore,  we  hvpolh- 
esized  that  transient  overexpression  of  large  amounts  of  Bcl-x,  would 
induce  apoptosis  in  the  absetKc  of  other  in.sults.  To  test  this,  we  used 
adenovirus-mediated  transfer  of  a  bcl-x,  minigene  to  iran.siently  over- 
express  high  levels  of  Bcl-x,  in  MCF-7  cells.  We  report  that  this 
transduction  caused  apoptosis  in  viiro.  In  other  systems,  such  as 
prostate  and  head  and  neck  cancer,  adenoviral- mediated  transfer  of  the 
tumor  suppressor  genes  p53  and  p2I  have  been  shown  to  inhibit  solid 
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tumor  growth  in  vivo  (II.  12..  Based  on  our  in  vitro  data,  we  have 
extended  our  studies  to  exanune  the  effect  of  adenovirus -transduced 
bcl-x^  on  .MCF-7  tumor  growth  in  vivo.  We  report  that  such  hcl-x, 
£ene  therapy  retards  the  growth  of  solid  MCF-7  tumors  in  nude  mice 
b>  the  induction  of  apoptosis  in  vivo. 

.Materials  and  Methods 

Construction  of  bcl-x,  and  IccZ  Adenoviruses.  The  bcl-x,  minigene  was 
cTcised  from  the  plasmid  pBSh../-.t,  (provided  by  G.  Nunez:  Ref.  6i.  The 
bacterial  laeZ  gene  ( w  iih  nuclear  :»x'alizaiion  sequence)  or  bcl-x,  minigene  was 
lasertcd  into  the  BamHl  site  oi  the  pAdSRSV  plasmid.  This  plasmid  was 
derived  b>  inserting  the  RSV  promoter  into  the  BglZ  site  of  the  p.\dBgl2 
vector."*  The  bc!-x,  and  laeZ  recombinant  adenoviruses  were  i.solated  b>  in 
homologou>  recombination  ber^een  the  pAd5RSV6cV-T.  or  pAd^RSV /ocZ 
plismid  and  replicaiion-deficiem  'ub360  adenovirus,  which  has  a  deletion  ot 
the  El  A  and  ElB  genes,  as  docr.bed  (9).  Large  prcparaiiors  of  the  adenovirus 
were  made  by  infccung  293  kidney  cells  and  purifying  crude  virus  by  cesium 
chloride  centrifugation.  The  virx  mcr  was  quantified  by  specirophotcmclry. 

Growth  Studies  of  MCF-7  CeUs.  MCF-7  human  breast  cancer  ceils  were 
cultured  in  MEM  plus  L-gluiamirx:  (Celox,  Hopkins.  MNi  supplemented  with 
KTv  fetal  N)vinc  scrum.  10  in.sulin,  100  uniLs/ml  penicillin.  IOC*  Mg/ml 

streptomycin,  and  nsinessenail  amino  acid  solution  iSizma  Chemical  Co.. 
St.  Louis.  MO).  For  growth  sredies.  MCF-7  cells  were  first  plated  at  10^ 
cells/well  for  24  h,  then  treated  serum-free  MEM  corcoining  the  or 
’MiZ  adenovirus  at  2o  <  lO'  ptucell  for  3  h.  This  medium  was  replared  with 
MEM  plus  insulin  plu^  feta  bovine  serum  overnight,  then  full  culture 
medium.  Cell  growth  was  ass^^ed  by  cell  counts  using  a  Coulter  counter 
iCoultcr  EJectronics.  Inc..  Hialean.  FL)  and  by  hemocyiometrv. 

Western  Blot  .Analysis.  Pnxein  samples  were  resolved  by  denaturing 
SDS-PACE  and  W'estem  blotted  by  standard  methods.  BeUx,  and  Bd-x,  were 
detected  using  a  rabbit  polyclona;  IgG  to  human  Bcl-x  <  Santa  Cruz  BuHcch- 
oology  .  Sar.ta  Cruz.  CA».  A  goat  aniirabbii  antibody  conjugated  to  horvrradish 
peroxidase  and  enhanced  chemilcminesccnce  (Amersham.  .Arlington  Heights, 
ILi  were  u>ed  to  visualize  prcHc:.n  bands. 

QuantiuUon  of  Apoptosis  by  ELISA.  To  quantitate  the  relative  number 
of  apoptotic  cells  in  vitro,  we  u^ed  an  ELIS.A  iBochringer  Mannheim.  Indi¬ 
anapolis.  IN  *.  which  measures  cytoplasmic  DN.A-histone  complexes  generated 
during  apoptotic  DN.A  fragmenuzion.  as  described  prevKtisly  (10). 

Growth  of  MCF-7  Solid  Tumors  in  Nude  Mice,  Six-wcck-old.  female, 
jihymic  node  mice  iCX>-\,  nu/nif.  Charles  River  Breeding  Uboralories,  Wilm¬ 
ington.  MAi  were  implanted  wiLh  0.72  mg  1 7^-esiradiol  pellets  (6-w«k  lime 
release:  Innovative  Research  of  .America,  Sarasota.  FL?.  Tw'o  da><  later. 
6  X  10^  MCF-7  cells  were  injected  s.c.  in  O.I  ml  5(Fe  mangel  (CollaS'raiivc 
Biomedical  Products.  Bedford.  MA)  plu.s  SOTfr  unsuH>lemenicd  ME.M,  as 
described  1 13).  This  method  has  yielded  a  95^  success  rate  for  the  formation 
of  MCF-7  tumors  in  vivo. 

Adenoviral-mediated  Bd-x,  Overexpression  m  Viro.  One  of  two  tumors 
per  mouse  was  treated  by  direct  inlratumoral  injection  with  the  bcl-x,  adeno¬ 
virus,  and  the  other  was  injected  with  the  laeZ  adenovirus,  asing  a  0.1-ml 
syringe  with  a  26-g3uge,  0.5-inch  needle.  A  single  needle  puncture  was  made 
mto  the  skin  covering  the  turner,  then,  the  needle  tip  was  moved  to  five 


'  The  ibteeviaiioos  used  are.  RSV.  Rous  sarcoma  vinis;  pfu.  puique  forming  wm;  gal, 
talaclosida>e.  TUNEL,  lentimaJ  dcoxynocicocidyl  iransfera.se- meaaied  dLTP-Agoxigc- 
un  nkk  end  labeling. 

’•  B.  Davidion.  persooaJ  communicaDon. 
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'  different  sites  w^ithin  the  tumor,  and  10  ^1  adenovirus  preparation  ucre  injected 
at  each  site.  Tumor  volume  was  measured  every  3-4  days.  Linear  calipers 
were  used  to  mca.surc  the  longest  axis  (n)  and  the  width  perpendicular  to  this 
axis  \b).  Tumor  volume  was  calculated  as:  volume  -  a  x  b'  <  0.4. 

X'gai  Staining  and  Detection  of  Apoptosis  by  TUN  EL.  Mice  were 
sacnficed.  and  tumors  were  frozen  in  OCT  embedding  medium  (Miles,  Inc.. 
Elkhart.  IN)  by  standard  methods.  0*Gal  activity  was  detected  by  X-ga! 
staining  on  2Q-/im  cryoscciions  as  described  (14i.  Iniemuclcosomal  DNA 
cleavage  characteristic  of  apopcotic  cells  was  detected  in  situ  on  8-p.m  cryo- 
scctions  by  TUNEL  (ApopTag  kit;  Oncor.  Gaithersburg.  MD)  as  desenbed 
(15), 

SUtistics.  For  ELISA  dau  and  m  vitro  cell  counts,  statistical  significance 
was  calculated  by  Saidcnt's  paired  t  test.  For  in  v7vo  tumor  grosvth  experi¬ 
ments.  overall  statistical  significance  between  control  and  lieaicd  groups  was 
calculated  by  repeated-measures  analysis  using  Statistical  .Analysis  System 
software  (SAS  Institute,  Inc..  Cary,  NC).  P  values  arc  given  in  each  figure 
legend. 

Results 

Overexpression  of  Bcl-x,  by  an  Adenoviral  Vector  Induces 
Apoptosis  of  MCF-7  Human  Breast  Cancer  Cells  in  Vitro,  Expres¬ 
sion  of  Bcl-x  family  members  by  MCF-7  cells  was  assayed  by 
Western  blotting  using  a  rabbit  polyclonal  antibody  that  recognizes 
both  BcI-Xl  (Afr  25.630)  and  Bcl-x,  (M,  18,700).  As  shown  in  Fig.  lA. 
iMnes  3  and  4.  control  MCF-7  cells  exclusively  express  BcI-Xl  and  do 
not  express  Bcl-x,.  The  effects  of  transient  overexpression  of  Bcl-x, 
on  MCF-7  cells  in  vitro  were  tested  by  infecting  these  cells  with  an 
adenovirus  containing  a  hcl-x^  minigene  (pAdRSV-i>c/-x,).  Another 
adenovirus  carrying  the  bacterial  gene  for  P-gal  ( pAdRS V-faeZ)  was 
used  as  a  control.  As  shown  in  Fig.  M.  iMnes  /  and  2.  MCF-7  cells 
infected  3  days  previously  with  2  X  10^  pfu/ccll  bc/-x,  adenovirus 
express  Bcl-x,  in  addition  to  BcI-Xl- 

We  next  determined  the  effect  of  Bc!-x,  overexpression  on  cell 
viability  in  culture.  Beginning  2  days  after  infection,  large  numbers  of 
dead,  floating  cells  were  observed  in  MCF-7  cultures  infected  with  the 
bcl-x g  adenovirus.  Fig.  IB  shows  that  5  days  after  infection  with  10 
pfti/cell,  the  bcl-x,  adenovirus  caused  a  45%  greater  reduction  in  the 
number  of  viable  cells,  as  determined  by  trypan  blue  exclusion,  than 
the  laeZ  adenovirus  (P  =  O.OlO;  n  =  3).  To  determine  whether  these 
differences  in  viable  cell  numbers  were  caused  by  apoptosis  induced 


by  the  bcl-x,  adenovirus,  we  used  an  ELISA.  This  assay  quantitates 
cytoplasmic,  histone-bound  DNA  denved  from  iniemuclcosomal 
DNA  fragmentation,  which  ixcurs  in  the  nuclei  of  apopioiic  cells. 
Table  1  shows  that  cells  infected  with  2  x  10*  pfu/ccll  bcl-x,  adeno¬ 
virus  had  6-fold  greater  cytoplasmic  DNA-hislone  than  uninfected 
controls  and  4.6-fold  greater  DNA-hisione  than  laeZ  controls 
(P  <  O.Ol;  n  =  3).  These  data  suggest  that  the  bcl-x,  adenovirus, 
specifically,  induces  apoptosis  in  MCF-7  cells,  accounting  for  the 
observed  decrease  in  viability  . 

We  then  tested  whether  the  MCF-7  cells  which  remained  viable  by 
trypan  blue  exclusion  after  bcl-x,  infection  were  clonogenic.  To 
accomplish  this,  we  tested  the  ability  of  bcl-x,-  or  /acZ-infected 
MCF-7  cells  to  grow  as  solid,  s.c.  tumors  in  estrogen-supplemented 
nude  mice.  Three  X  10'  pfu  bcl-x,  or  laeZ  adenovirus  were  added  to 
3  X  10*^  MCF-7  cells  immediately  prior  to  s.c.  injection  into  the  flank 
of  a  mouse.  Fig.  IC  shows  that  although  the  bcl-x, -mfeexed  cells 
formed  a  small  nodule,  the  nodule  did  not  grow  (P  =  0.0085;  n  =  2). 
The  /tJcZ- infected  cells  formed  larger  nodules,  which,  after  a  growth 
delay,  began  to  grow  at  a  rate  similar  to  that  in  uninfected  controls. 
After  25  days,  bc/-x,-infected  tumors  were  91%  smaller  than  lacZ- 
infected  controls.  These  results  indicate  that  the  MCF-7  cells  which 
excluded  trypan  blue  following  bcl-x,  infection  were  incapable  of 
growing  as  a  tumor  in  vivo,  suggesting  that  these  cells  were  no  longer 
clonogenic.  When  titers  higher  than  3  x  iO^  pfu  were  tested,  the 
adenovirus  vector  alone  was  toxic  to  the  cells,  and  tumors  did  not 
form. 

In  Vivo  bebx,  AdenovimJ  Treatment  Retards  the  Growth  of 
MCF-7  Tumors  In  Nude  Mice,  To  determine  whether  the  bcl-x, 
adenoviral  vector  would  be  useful  for  in  vivo  gene  therapy,  we 
extended  our  study  to  see  whether  in  vivo  bcl-x,  adenoviral  treatment 
would  retard  the  growth  of  established  tumors.  Three-day-old  MCF-7 
tumors  in  esirogcn-suppkroented  nude  mice  were  treated  by  single 
injections  of  7  X  10^  pfii  bcl-x,  or  laeZ  adenovirus.  Fig.  2A  shows  that 
tumors  treated  with  the  bcl-x,  adenovirus  grew  at  a  decreased  rate  for 
8  days  after  treatmenu  then  began  to  grow  at  a  rale  similar  to 
iflcZ-infccted  tumors  (P  =  0.031;  n  =  3).  Tumois  treated  with  the 
laeZ  adenovirus  grew  at  a  rate  similar  to  that  of  untreated  controls. 
The  greatest  bcl-x,-spcdfk  tumor  growth  inhibition  was  observed  8 
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Rg  I  Effeco  of  Bcl-»  egpresaoo  on  cell  viibiUty.  A.  Weacn.  Not  of  Bcl-»  eipressioo.  MCF-7  cdb  were  infected  .s  dcuM  in  -M^ri»ls  ^  M.^  2 

W-x,  or  locZ  ndenovinis.  ly«t«  (400  *«  -relyxed  by  Wesien,  blo^ng  MCT  7  edb  i^fo^ 

7  and  4.  loeZ-infected  eelU.  Amn,..-  x^.  BcI-l  («,  25.630);  x..  Bel-x,  (if,  l«.W)^il.  effect  rf  W-x  adenottnl  udeetKO  on  effect 

vitro  with  10*  pfiKeell  W-x.  or  loeZ  adenoviius.  The  number  of  live  cells,  as  desemtined  by  nypan  blue  eaclusioo.  was  coanted  5  days  later  (/>  -  n 

of  bcl-x,  alenovirel  infeeUo;  on  ek-ogenichy  of  MCF.7  eells.  MCF.7  cells  (3  X  10*)  were  neared  10 

Hanks  of  an  estrogen- supplcmcnied  nude  mouse.  Tumor  vohime  was  calculated  as  desenbed  in  -Matenab  and  Methods  (P  *  aCI»5.  ban,  SD:  n  2).  .  no  vmis.  A. 
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days  alter  treatment,  when  hf/-.r.-infected  tumors  were  38^-0  sma  ler 
than  /rj(  Z-infected  tumors.  This  experiment  showed  that  in  vivo  bcl  x, 
adenos  iral  infection  retarded  tumor  growth,  but  that  single  treatment  ^ 
was  not  sufficient  for  long-term  growth  inhibition.  _ 

We  hspothesized  that,  relative  to  in  vitro  inlection,  m  i  ii  (»  intection 
had  less  effect  on  tumor  growth  because  only  a  fraction  of  the  cells 
was  infected;  this  hypothesis  was  subsequently  confirmed  (see  Fig. 

3/1).  Therefore,  we  tested  whether  multiple  in  vivo  infections  with  the 
bcl-x  adenovirus  would  cause  greater  or  sustained  retardation  ot 
tumor  growth.  Three-day-old  MCF-7  mmors  were  treated  with 
7  X  lO'  pfu  hcl-x,  or  laeZ  adenovirus  every  4  days  for  five  treatments. 

Fio  ■’B  shows  that  throughout  the  duration  of  treatment,  the  bcl-x,- 
infecied  tumors  grew  at  a  slower  rate  than  the  /ncZ-infected  tumors 
(P  =  0.i)032;  n  =  4).  The  greatest  ht7-.r,-specific  retardation  ot 
orowth  was  obsers  ed  following  four  treatments  ( 1 3  days  alter  the  first 
ueatmenti.  when  M-.t.-infected  tumors  were  52'T  smaller  than  laeZ- 
infected  tumors.  Thus,  multiple  treatments  with  the  bcl-x,  adenovirus 
caused  greater  and  sustained  tumor  growth  inhibition  relative  to  single 

Inhibition  of  MCF-T  Tumor  Growth  in  Vivo  by  bcl^x,  .\deno- 
viral  Infection  Is  Due  to  Induction  of  .\poptosis.  To  determine  the 
efficaev  of  our  direct  intratumoral  approach  to  adenoviral-mediated 
gene  therapy,  we  estimated  the  number  of  cells  in  an  infected  tumor 
That  e.xpressed  the  transduced  gene,  using  laeZ  as  a  marker. 
day-old  MCF-7  tumors  were  treated  in  vivo  with  7  x  10  plu  laeZ 
adenovirus,  and  expression  of  the  viral-encoded  gene  was  detected  4 
days  later  by  X-gal  staining.  Overall,  about  15^  of  the  tumor  cells 
expressed  the  transduced  laeZ  gene  (n  =  2).  As  seen  in  Fig.  3A.  we 
found  a  higher  concentration  of  uansduced  cells  along  linear  tracks, 
presumably  at  sites  of  needle  injection.  Thus,  gene  iranster  was 
successful  to  a  portion  of  the  tumor  cells. 

To  determine  whether  cells  infected  in  vivo  with  the  6c7-r,  or  laeZ 
adenovirus  were  apoptolic.  X-gal  staining  wxs  used  to  locate  mlected 
cells:  then,  apopiotic  cells  were  detected  on  serial  sections  by 
TUNEL.  Fig.  35  shows  a  TUNEL  xssay  of  a  serial  section  of  the 
/orZ-infected  tumor  seen  in  Fig.  3A.  The  absence  of  apoptolic  cells  in 
the  infecied  region  of  the  tumor  shows  that  the  laeZ  adeno\  irus  did 
not  induce  apoptosis  in  =  2).  To  determine  whether  the  ade¬ 

novirus  induced  apoptosis  in  transduced  cells,  we  used  a  combined 
approach,  in  which  90^  bcl-x,  adenoinis  was  mixed  with  \0^  laeZ 
adeno\  irus  as  a  tracer.  This  approach  allowed  us  to  determine  areas  of 
successful  gene  transfer  using  laeZ  as  a  marker  while  anal)  zing  die 
effects  of  bcl-x,  on  apoptosis.  Fig.  3,  C  and  D,  shows  X-gal  staining 
and  TUNEL  of  a  tumor  treated  in  vivo  with  90^  hcl-x,  plus  10^  laeZ 
adenovirus.  In  contrast  to  treatment  with  laeZ  alone,  the  addition  of 
the  bcl-x,  adenovirus  caused  apoptosis  in  the  intecicd  area  of  the 
tumor  (n  =  2k  This  is  seen  more  clearly  in  Fig.  3£,  which  shows 
apoptolic  nuclei  visible  at  a  higher  magnification.  These  experiments 
demonstrate  that  m  vivo  bcl-x,  adenoviral  treatment  induced  cell  death  ^ 
apoptosis,  consistent  with  the  inhibition  of  the  overall  tumor  ^ 
frowih  rate  caused  by  this  treatment  ’ 

l%7 


Discussion 

Nomial  mammary  epithelial  cells  are  capable  of  undergoing  apop¬ 
tosis  during  involution  following  lactation  (161.  Inhibitors  of  this 
ability  to  undergo  apoptosis,  such  xs  Bcl-2  and  BcI-^l- 
important  role  in  the  development  of  breast  cancer  In  this  commu¬ 
nication.  we  report  that  MCF-7  human  breast  cancer  cells  overexpress 
Bc1-Xl  but  do  not  express  Bcl-x^.  Bcl-x.,  is  a  dominant  negative 
repressor  of  Bcl-2  and  Bcl-x^  and  is.  therefore,  a  putative  inducer  of 
apoptosis  in  cancer  cells  which  are  resistant  to  apoptosis  due  to 
overexpression  of  Bcl-2  and/or  Bcl-x^  (6.  9).  We  report  that  adeno¬ 
virus-mediated  overexpression  ot  Bcl-x^  induces  apoptosis  of  .MCF-7 
human  breast  cancer  cells  in  viiro.  In  addition,  we  report  that  adeno¬ 
virus-mediated  bet-x,  sene  therapy  can  retard  MCF-7  tumor  growth  in 
3  nude  mouse  model  and  present  evidence  that  this  growth  inhibition 
is  due  to  induction  of  apoptosis.  The  bcl-x,  adenovirus,  which  is 
replication  deficienL  caused  no  obvious  systemic  or  local  toxicity, 
such  as  skin  necrosis,  when  delivered  locally. 
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Fig.  3.  Deiecnoii  of  gene  expeesskw  and  apoptosis  in  rim.  Three-da>A>ld  MCF-7  tumocs  were  treated  with  UxZ  with  or  mihoat  bel  t,  adeno%ifus  (7  x  10  pfu  total)  as  indicaiei 
(n  =  2).  Four  days  Uter.  mice  note  sacrificed,  and  tumors  were  assasri  for  taeZ  gene  transfer  by  X-gal  staining  iblue)  and  apoptosis  by  TL'NEL  lapoptotk  cells  appear  broutii  t. 
100^  laeZ.  X-gd  staining.  B.  lOOSb  (acZ,  Tl'NEU  C.  Wb  bel  t,  plus  10%  JocZ  X-gal  staining.  D.  90%  bel  t,  plus  10%  iicZ  U^NEL  E.  higher  magnification  of  D. 


In  vivo  bcl-x,  adenoviral  treatment  reduced  the  size  of  the  solid  from  transduced,  dying  cells  to  at^acent  untransduced  cells  (17).  We 

MCF-7  tumors  by  a  greater  amount  than  would  be  predicted  from  the  are  currently  investigating  whether  Bcl-x,-induced  apoptosis  ma> 

percentage  of  cells  that  were  infected  as  detetmined  by  laeZ  expres-  cause  a  similar  bystander  effect. 

sion.  Single  m  vivo  adenoviral  treatment  resulted  in  l>c/-x,-infected  The  in  vitro  ELISA  data  and  in  situ  TUNEL  assays  presented  here 
turaots  that  were  38%  smaller  than  locZ-infected  controls.  However,  suggest  that  a  significant  fraction  of  the  cell  killing  caused  by  the 

X-gal  staining  showed  that  a  single  adenoviral  treatment  infected  only  bcl-x,  adenovirus  is  due  to  apoptosis.  It  is  not  yet  clear  whether  thL> 

about  15%  of  the  cells  in  each  tumor.  This  raises  the  possibility  that  apoptosis  is  solely  the  result  of  Bd-x,  overexpression,  or  whether  the 

bcl-x,  adenoxiral  infection  kills  additional  cells  via  a  bystander  effect,  adenoviral  vector  presents  an  insult  to  the  cell  which  contributes  to  the 

in  wWch  uninfected  cells  surrounding  an  infected  cell  also  arc  killed,  induction  of  apoptosis.  However,  the  bcl  x,  adenovirus  caused  signif- 

Thc  bystander  effect  has  been  shown  to  induce  apoptosis  of  unmod-  icantly  greater  apoptosis  than  the  same  titer  of  the  laeZ  adenovims. 

ified  tumor  cells  adjacent  to  cells  transduced  with  the  betpes  simplex  providing  evidence  that  Bcl-x,  oserexpression  itself  contributes  to 

virus  thymidine  kinase  gene  and  treated  with  ganciclovir  (17).  Such  apoptosis  and  showing  the  importance  of  blocking  inhibitors  of  cell 

bystander  kilhng  was  associated  with  the  transfer  of  apoptotic  vesicles  death,  such  as  Bcl-2  and  Bcl-x^.  ^irthcnnore,  this  shows  that  adeno- 
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viral -mediated  gene  transfer  of  bcl-x^,  whjch  causes  transient  overex* 
pression.  is  sufficient  to  induce  apoptosis. 

A  possibility  for  improving  the  efficacv  of  bcl-x,  gene  therapy  may 
come  from  a  combination  of  this  approach  with  chemotherapy.  N^e 
have  previously  reported  that  stable  transfection  of  bcl-x^  sensitized 
MCF*7  cells  to  apoptosis  induced  by  the  chemotherapeutic  agents 
etoposide  and  taxol  in  vitro  ( lOj.  By  blocking  inhibitors  of  apoptosis, 
bcl’X^  gene  therapy  may  lower  the  apoptotic  threshold  of  cancer  cells 
to  other  agents  that  cause  cell  death. 

Bcl-2  and  BcI-Xl.  the  functional  targets  of  Bcl-x,,  seem  to  inhibit 
apoptosis  through  a  common  pathway  (18).  Bcl-2  has  been  shown  to 
be  overexpressed  in  up  to  70^  of  breast  cancers  (2)  and,  therefore, 
may  play  an  important  role  in  the  deselopment  of  these  cancers. 
Although  such  data  have  not  yet  been  reported  for  Bcl-x^,  we  have 
found  Bc1-Xl  to  be  overexpressed  in  a  significant  percentage  of 
primary  cell  lines  and  tissues  derived  from  breast  cancers  (data  not 
shown).  These  data  suggest  that  Bcl-2  and  Bc1-Xl  may  be  important 
targets  for  novel  breast  cancer  treatments,  such  as  bcl-x^  adenoviral 
gene  therapy. 
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ABSTRACT 

Oncogenes  which  drive  the  cell  cycle  such  as  c-myc,  can  sensitize  cells 
to  apoptosis  upon  growth  factor  withdrawal.  This  suggests  the 
possibility  that  during  carcinogenesis,  the  overexpression  of  genes  such 
as  bcl-2  or  bcl-xL  are  required  to  inhibit  apoptosis  induced  by  oncogene 
expression.  We  hypothesized  that  inhibition  of  Bcl-2/Bcl-xL  by  the  pro- 
apoptotic  Bcl-xS  protein  would  result  in  selective  induction  of  cell 
death  in  carcinoma  cells  compared  to  non-transformed  cells.  In  order 
to  test  this  hypothesis  and  to  determine  the  therapeutic  efficacy  of  a  bcl- 
Xs  adenovirus;  we  compared  the  effects  of  Bcl-xg  expression  delivered 
by  the  bcl-Xs  adenoviral  vector,  on  non-transformed  murine  mamm¬ 
ary  cells  (Comma-1  D)  and  a  c-myc  transformed  mouse  mammary  cell 
line  (Myc-83).  We  found  that  whereas  the  non-transformed  Comma- 
ID  cells  are  resistant  to  the  effects  of  the  bcl-xs  vector,  this  vector 
efficiently  induced  apoptosis  in  the  Myc-83  cells;  consistent  with  the 
hypothesis  that  inhibition  of  Bcl-2  family  of  genes  can  result  in 
selective  killing  of  cancer  cells  compared  to  their  non-transformed 
counterparts. 

We  extended  these  studies  to  a  mouse  breast  cancer  ascites 
model  by  demonstrating  that  the  bcl-Xs  adenoviral  vector  introduced 
intraperitoneally,  reduces  ascites  formation  and  significantly  prolongs 
survival  with  no  detectable  toxicity  to  normal  mouse  tissues.  These 
studies  demonstrate  that  the  bcl-Xs  adenovirus  selectively  kills 
transformed  cells  in  vitro  and  in  vivo,  supporting  the  use  of  this 
approach  for  the  gene  therapy  of  breast  cancer. 
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OVERVIEW  SUMMARY 

We  have  previously  demonstrated  the  therapeutic  potential  of  intra- 
tumoral  adenoviral-bcl-Xs  gene  therapy  for  human  breast  cancers  in  a 
mouse  model.  We  now  report  that  this  bcl-Xs  adenovirus  vector  has 
differential  effects  on  normal  versus  transformed  mammary  cells.  This 
vector  efficiently  induced  apoptosis  in  a  c-myc  transformed  mouse 
mammary  cell  line  (Myc-83),  but  not  in  normal  Comma-ID  mouse 
mammary  cells.  Both  cell  types  were  equally  infectable  with  a  lac-Z 
adenoviral  vector,  and  expressed  the  Bcl-xS  protein  when  infected  with 
the  bcl-Xs  adenovirus.  In  a  mouse  model  of  breast  cancer  ascites, 
intraperitoneal  administration  of  bcl-xs  adenovirus  reduced  ascites 
formation  and  prolonged  survival  with  no  apparent  toxicity  to  normal 
cells.  These  studies  show  that  Bcl-xS  overexpression  selectively  kills 
transformed  cells,  suggesting  a  therapeutic  index  for  this  gene  therapy 
approach. 
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INTRODUCTION 

We  and  others  have  found  that  Bcl-2  and  Bcl-xL  which  block  apoptosis 
and  promote  cell  survival,  are  frequently  overexpressed  in  human 
breast  cancers  in  vivo,  as  well  as  in  primary  cultures  and  established 
carcinoma  cell  lines  (Silvestrini  et  al.,  1994;  Krajewski  et  al.,  1994;). 

This  suggests  that  antagonists  of  Bcl-2  and  Bcl-xL  may  have  utility  as 
therapeutic  agents  in  cancer.  We  have  previously  utilized  Bcl-xS,  a 
dominant  negative  inhibitor  of  Bcl-2  and  Bcl-xL  (Boise  et  al.,  1993;),  to 
target  the  apoptosis  pathway  in  breast  cancer  cells.  We  showed  that 
induction  of  low  levels  of  Bcl-xS  in  breast  cancer  cells  by  stable  transfec¬ 
tion  of  plasmid  encoded  bcl-Xs,  increased  their  sensitivity  to  apoptosis 
induced  by  chemotherapy  (Sumantran  et  al.,  1995;).  Expression  of 
higher  levels  of  Bcl-xS  via  a  bcl-xs  adenoviral  vector  directly  induced 
apoptosis  in  breast  carcinoma  cells  in  vitro  (Sumantran  et  al.,  1995;), 
and  caused  tumor  regression  when  administered  intralesionally  in 
vivo  (Ealovega  et  al.,  1996;). 

A  fundamental  question  concerning  the  utility  of  Bcl-2 
inhibitors  as  therapeutic  agents  is  the  relative  selectivity  of  apoptosis 
induction  in  carcinoma  cells  compared  to  untransformed  cells  from 
the  same  tissue.  In  other  systems,  oncogenes  which  drive  the  cell  cycle 
such  as  c-myc,  can  sensitize  cells  to  apoptosis  upon  growth  factor 
withdrawal  (Evan  et  al.,  1992;).  This  suggests  the  possibility  that 
during  multistage  carcinogenesis  the  overexpression  of  genes  such  as 
bcl-2  or  bcl-xL  is  obligate  to  inhibit  apoptosis  induced  by  oncogene 
overexpression.  Thus,  one  might  predict  that  inhibition  of  Bcl-2  would 
result  in  selective  induction  of  cell  death  in  carcinoma  cells  compared 
to  non  transformed  cells.  In  order  to  test  this  hypothesis  and  to 
determine  the  therapeutic  index  of  the  bcl-xs  adenovirus  vector  as  a 
gene  therapy  ag^t,  we  have  compared  the  effects  of  Bcl-xs  expression 
delivered  by  the  bcl-Xs  vector  on  untransformed  murine  mammary 
cells  and  a  c-myc  transformed  mouse  mammary  cell  line.  This  is 
clinically  relevant  because  c-myc  is  overexpressed  in  up  to  30%  of 
human  breast  carcinomas  (Berns  et  al.,  1996;). 

In  this  report  we  show  that  the  c-myc  transformed  cells  are 
extremely  sensitive  to  apoptosis  induced  by  the  bcl-xs  adenovirus 
vector,  whereas  non-transformed  murine  mammary  cells  are  resistant 
to  programmed  cell  death  induced  by  this  vector.  Furthermore,  the 
bcl-Xs  adenovirus  introduced  intraperitoneally,  reduces  ascites 
formation  and  prolongs  survival  in  a  mouse  breast  cancer  ascites 
model,  with  no  detectable  toxicity  to  normal  mouse  tissue.  These 
results  are  consistent  with  the  hypothesis  that  transforming  genes  such 
as  c-myc  can  sensitize  cells  to  Bcl-xs  induced  apoptosis,  resulting  in  a 
therapeutic  index  for  bcl-2  antagonists.  These  results  provide  a 
rationale  for  utilizing  the  bcl-Xs  adenovirus  as  an  agent  for  gene 
therapy  of  breast  cancer. 
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MATERIALS  &  METHODS 
Cell  types  &  Cell  Culture 

The  c-myc  transformed  mouse  mammary  cell  line  was  derived  from 
breast  adenocarcinomas  developing  in  mice  expressing  a  c-myc  trans¬ 
gene.  These  cells  are  termed  Myc-83  cells,  and  have  been  well  character¬ 
ized  (Amundadottir  et  al.,  1996;).  The  Comma-ID  cells  are  normal 
mouse  mammary  cells  which  can  differentiate  and  produce  milk 
proteins  in  response  to  lactogenic  hormones  and  extracellular  matrix 
(Danielson  et  al.,  1989;).  This  mouse  mammary  line  is  not  tumorigenic 
in  mouse  models.  Both  cell  lines  were  a  kind  gift  from  the  laboratory  of 
Dr.  Robert  Dickson  (Lombardi  Cancer  Center,  Georgetown  University). 
These  cell  lines  are  cultured  in  Iscove's  DMEM  +  2.5%  Fetal  bovine 

serum  (FBS) ,  10  Ng/ml  EGF,  5|xg/ml  Insulin,  and  antibiotics 
(Amundadottir  et  al.,  1996;).  The  two  cell  types  have  similar  plating 
efficiencies. 

Adenoviral  Vectors  &  Infection 

The  adenoviral-bcl-Xg  vector  was  constructed  as  described  (Clarke  et  al., 
1995;).  Bcl-xS  expressing  virus  was  purified  from  a  single  plaque  that 
was  bcl-Xs  positive  and  El  A  negative,  as  measured  by  the  polymerase 
chain  reaction  (PCR).  Viral  batches  derived  from  this  batch  were 
assayed  for  replication  competent  virus  (RCA)  by  the  quantitative 
plaque  assay  in  A549  human  lung  carcinoma  cells.  The  batches  of 

bcl-xs  adenovirus  used  had  RCA  values  of  1  in  10^  to  1  in  3.0  x  10^.  The 

lac-Z  adenovirus  vector  contains  the  E.  coli  gene  lacZ  (encoding  P- 
galactosidase)  under  the  control  of  an  RSV  promoter,  also  has  an  SV40 
nuclear  localization  signal  to  enable  easy  detection  of  lac-Z  adenoviral 
infected  cells  (Stratford-Perricaudet  et  al.,  1992;  Mastrangeli  et  al., 

1993; ).  This  vector  had  an  RCA  value  of  1  in  2.5  x  10^. 

Cells  were  plated  at  lO'^/well  in  12  well  tissue  culture  plates  and 
infected  in  serum  free  medium  for  3-4  hours  with  either  vector  using  a 
multiplicity  of  infection  (MOI)  of  250-2000,  depending  on  the  cell  type. 
Infections  were  stopped  by  replacing  virus  with  the  appropriate  growth 
medium.  The  percent  adenoviral  infection  of  cells  was  estimated  by 
assaying  lac-Z  infected  cells  for  P-galactosidase  activity  (Arakawa  et  al., 
1991;)  2  days  after  infection. 
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Viability,  Apoptosis,  &  Western  blotting 

Cell  viability  was  determined  by  hemocytometry  after  trypan  blue 
exclusion.  A  Cell  Death  ELISA  assay  was  used  to  detect  cytoplasmic 
DNA-histone  complexes  in  apoptotic  cells  (Sumantran  et  al.,  1995;). 

Protein  lysates  were  prepared  and  resolved  by  SDS-PAGE  (40  ng  of 
protein/sample/lane)  as  described  (Sumantran  et  al.,  1995;).  Western 
blotting  was  performed  with  a  polyclonal  rabbit  antibody  to  human 
Bcl-x  (Transduction  Laboratories,  Lexington,  KY),  which  recognizes 
both  Bcl-xL  and  Bcl-xS  proteins.  A  goat-anti-rabbit  antibody  conjugated 
to  peroxidase  (Amresco,  Solon,  OH)  and  the  ECL  kit  (Pierce,  Rockford, 
IL)  were  used  to  detect  protein  bands. 

In  vivo  experiments 

MDA-MB-231  human  breast  carcinoma  cells  were  cultured  in  RPMI  + 
10%  FBS+  antibiotics.  Six-eight  week  old  female  athymic  nude  mice 
(CD-I,  nu/nu,  purchased  from  Charles  River  Breeding  Laboratories, 
Wilmington,  MA)  were  injected  intraperitoneally  with  MDA-MB-231 
cells  (lO^cells/mL  in  serum  free  medium)  using  a  23  gauge  sterile 
needle.  Ascites  formation  was  monitored  by  weight  gain  and  abdomi¬ 
nal  distension.  The  bcl-xs  versus  lac-Z  adenoviral  gene  therapy 
experiments  were  started  when  mice  had  gained  12-20%  of  their 
original  body  weight.  Three  viral  injections  were  administered  intra¬ 
peritoneally  once  every  4  days  with  a  26  gauge  needle  using  a  viral  titer 
of  3  X  10^  MOI/ injection.  Mice  were  euthanized  if  high  morbidity 
resulted  from  tumor' progression,  and  this  was  recorded  as  the  date  of 
death. 

In  order  to  detect  and  quantitate  viral  gene  transduction  in  vivo, 
ascites  cells  were  aspirated  with  a  23  gauge  needle  3  days  after  the 
mouse  received  an  injection  of  either  the  bcl-xs  or  lac-Z  viral  vector. 
The  volumes  aspirated  ranged  from  0.10-0.50  mls/mouse.  Each  aspirate 
on  average  contained  10^  ascites  cells/ml.  The  aspirates  were  diluted 
in  media  (RPMI  +  10%  FBS+  antibiotics),  and  plated  for  24  hours.  The 
cell  layer  were  washed  to  remove  red  blood  cells,  and  viable  ascites  cells 

from  the  aspirates  of  lac-Z  injected  mice  were  stained  for  P-galactosid- 
ase  activity  using  the  X-gal  substrate  (Arakawa  et  al.,  1991;).  The 
aspirates  obtained  from  the  bcl-Xs  injected  mice  were  treated  similarly, 
and  harvested  for  SDS-PAGE  analysis.  Western  blotting  was  done  to 
detect  expression  of  the  Bcl-xS  protein. 
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Statistical  Analysis 

For  in  vitro  data,  statistical  significance  was  determined  by  the 
Student's  unpaired  t-test.  Standard  errors  and  P  values  for  a  given  data 
set  are  shown  in  the  corresponding  figure  legends.  For  in  vivo 
experiments,  differences  in  survival  of  mice  were  analyzed  by  the  log- 
rank  test  (Peto  et  al.,  1972;).  The  survival  distributions  were  estimated 
and  displayed  using  the  Kaplan-Meir  Method  (Kaplan  et  al.,  1958;). 
Relative  weight  change  (RWC)  of  mice  is  expressed  as  a  percent  change 
in  weight  of  a  mouse  relative  to  its  initial  weight  (weight  on  day  of 
receiving  tumor  cells).  RWC  for  the  bcl-Xg  treated,  lac-Z  treated,  and 

control  mice  were  plotted  and  modelled  using  a  linear  mixed  effects 
statistical  model  (Littel  et  al.,  1996;). 
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RESULTS 

Adenoviral  infectivity  and  Bcl-xs  protein  expression  in 
Comma-ID  versus  c-myc  transformed  mouse  mammary  cell  lines 

In  order  to  compare  the  effects  of  Bcl-xS  expression  in  transformed 
versus  non-transformed  mammary  cells,  we  utilized  two  cell  lines;  the 
non-transformed  murine  mammary  cell  line,  Comma-ID,  and  the 
c-myc  transformed  mouse  mammary  cell  line,  Myc-83.  In  the  presence 
of  the  growth  factors,  insulin  and  EGF,  these  two  cell  lines  grew  at 
comparable  rates  (doubling  time  approximately  33  hours).  Both  cell 
types  express  endogenous  Bcl-xL  but  not  Bcl-xS  (Figure  2). 

In  order  to  express  transgenes  in  these  cells  we  utilized  adeno¬ 
viral  vectors.  To  compare  the  ability  of  adenoviral  vectors  to  transduce 
these  cells,  we  utilized  a  lac-Z  adenovirus  followed  by  X-gal  staining  to 

measure  P-galactosidase  expression.  As  shown  in  Figure  1,  both  the 
non-transformed  Comma-ID  mouse  mammary  cells  (Panel  A)  and  the 
transformed  Myc-83  cells  (Panel  B)  are  efficiently  transduced  with  the 
adenoviral  vectors  as  shown  by  comparable  levels  of  X-gal  staining 
following  lac-Z  viral  infection.  Both  cell  types  were  75%-80%  infected 
with  the  lac-Z  vector  at  an  MOI  of  1000.  Furthermore,  there  were 
comparable  levels  of  Bcl-xS  protein  expression  following  infection  with 
the  bcl-Xs  adenovirus  in  the  Comma-ID  and  the  Myc-83  cells  as  determ¬ 
ined  by  western  blotting  (Figure  2:  lanes  2  and  5  respectively).  These 
experiments  demonstrate  that  adenoviral  vectors  are  able  to  transduce 
both  normal  and  transformed  mammary  cells  in  a  similar  manner. 

Differential  effects  of  Bcl-xg  expression  on  induction  of  apoptosis  in 
normal  versus  c-myc  transformed  mammary  cells 

Despite  comparable  levels  of  Bcl-xS  protein  expression  induced  by 
bcl-xs  adenoviral  infection  in  the  Comma-ID  and  Myc-83  cells,  there 
was  a  markedly  different  effect  of  the  bcl-xs  vector  on  the  viability  and 
apoptosis  in  the  two  cell  types.  As  shown  in  the  photograph  in 
Figure  3,  the  c-myc  transformed  murine  mammary  cells  were 
efficiently  killed  by  the  bcl-xs  adenovirus  four  days  after  infection 
(Panel  f  vs  d).  In  contrast,  non-transformed  Comma-ID  mammary 
cells  were  highly  resistant  to  bcl-xs  adenoviral  killing  (Panel  c  vs  a  ). 
The  control  lac-Z  adenovirus  had  little  effect  on  the  viability  of  either 
cell  line  (Panels  e  vs  d  for  the  Myc-83  cells;  and  Panels  b  vs  a  for  the 
Comma-ID  cells  ). 

We  examined  the  effects  of  various  titers  of  bcl-xs  adenovirus, 
and  times  after  infection,  on  the  viability  of  both  cell  types.  We  found 
optimal  cell  killing  of  Myc-83  transformed  cells  at  an  MOI  of  1,000.  At 
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this  titer  killing  was  complete  within  two  days.  As  can  be  seen  in 
Figure  4,  two  days  after  infection,  the  bcl-Xs  adenovirus  induced 
greater  than  a  10-fold  killing  of  the  c-myc  transformed  cells  compared 
to  the  control  lac-Z  adenovirus.  In  contrast,  there  was  no  specific 
killing  of  the  npn-transformed  Comma-ID  mammary  cells  by  the 
bcl-xs  adenovirus  vector  under  these  conditions. 

In  order  to  demonstrate  that  the  effects  of  bcl-Xs  adenoviral 
infection  on  viability  of  the  c-myc  transformed  cells  resulted  from 
induction  of  apoptosis,  we  utilized  a  cell  death  ELISA  (Sumantran  et 
al.,  1995;).  Both  the  non-transformed  Comma-ID  cells  and  the  c-myc 
transformed  cells  exhibit  similar,  very  low  levels  of  apoptosis  in  the 
absence  of  adenoviral  infection  (Table  1).  However,  the  bcl-xs  adeno¬ 
virus  induced  a  12  fold  greater  increase  in  apoptosis  in  the  Myc-83  cells 
compared  to  the  level  of  apoptosis  in  bcl-Xs  infected  Comma-ID  cells. 
Furthermore,  when  the  ratio  of  apoptosis  in  bcl-xs  to  lac-Z  adenoviral 
infected  cells  was  determined,  there  was  no  specific  induction  of 
apoptosis  by  the  bcl-Xs  vector  in  the  non-transformed  Comma-ID  cells, 
compared  to  almost  a  10  fold  specific  induction  of  apoptosis  in  bcl-xs 
adenovirus  infected  Myc-83  cells  (Table  1).  Thus,  the  ELISA  data 
s^SS^st  that  low  levels  of  viability  of  bcl-Xs  infected  c-myc  transformed 
mammary  cells  observed  in  Figures  3  &  4  is  due  to  induction  of 
apoptosis  in  these  cells  by  the  bcl-Xs  vector.  In  contrast,  the  Comma-ID 
cells  do  not  undergo  apoptosis  or  loss  of  viability  in  response  to  bcl-Xs 
adenoviral  infection. 

Development  of  an  ascites  model  for  testing  therapeutic  efficacy  of 
bcl-xs  gene  therapy  ' 

We  previously  demonstrated  that  intralesional  injections  of  the  bcl-Xs 
adenoviral  vector^into  MCF-7  solid  tumors  in  nude  mice  caused  local 
tumor  regression  (Ealovega  et  al.,  1996; ).  This  model,  however,  did 
not  allow  for  the  assessment  of  therapeutic  index  or  efficacy.  Further¬ 
more,  gene  therapy  in  solid  tumors  is  limited  by  problems  of  viral 
delivery.  In  order  to  more  accurately  assess  the  therapeutic  index  and 
efficacy  of  bcl-xg  adenoviral  gene  therapy  we  developed  a  breast 
carcinoma  ascites  model.  To  accomplish  this  we  utilized  the  MDA- 
MB-231  human  breast  carcinoma  cell  line  which  grows  efficiently  as 
ascites  in  nude  mice. 

In  vitro  experiments  demonstrated  that  the  MDA-MB-231  cells 
were  sensitive  to  bcl-xs  adenoviral  induced  apoptosis.  At  an  MOI  of 
2000  on  day  6  after  infection,  the  bcl-Xs  infected  cells  had  a  viability  of 
32  ±  6.79%  compared  to  the  lac-Z  infected  cells'  viability  of  92  ±  6.36% 
(n=5).  The  Cell  Death  ELISA  confirmed  that  the  bcl-xs  vector  induced 
apoptosis  under  these  conditions  (data  not  shown).  The  delivery  of 
the  bcl-xs  adenovirus  into  the  peritoneal  cavity  of  nude  mice  with 
ascites  derived  from  MDA-MB-231  cells,  permits  comparison  of  the 
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effects  of  Bcl-xs  expression  in  ascites  tumor  cells  compared  to  normal 
mouse  cells,  thus  allowing  evaluation  of  the  therapeutic  index  of  this 
agent  in  vivo. 

Intraperitoneal  injections  of  bcl-xs  adenovirus  in  nude  mice  produce 
no  detectable  toxicity 

In  order  to  determine  the  ability  of  adenoviral  vectors  to  transduce 
normal  mouse  peritoneal  cells  and  to  assess  the  effect  of  Bcl-xS 
expression  on  these  cells  in  vivo,  we  injected  non-tumor  bearing  nude 
mice  with  a  mixture  of  bcl-xs  and  lac-Z  adenoviruses  so  as  to  identify 
adenoviral  transduced  protein  in  cells  in  situ;  and  to  simultaneously 
assess  the  effects  of  Bcl-xS  expression  on  these  normal  cells.  The 
animals  were  injected  intraperitoneally  with  a  mixture  of  bcl-xs  and 
lac-Z  adenoviruses  (ratio  of  9:1:  using  6  x  10^  pfu  of  bcl-xs  virus  and 

0.60  X  10^  pfu  of  the  lac-Z  virus),  and  demonstrated  no  evidence  of  local 
or  systemic  toxicity  (n=3).  The  animals  were  sacrificed  a  week  after 
receiving  the  viral  injection;  and  abdominal  organs  were  sectioned  and 

stained  for  P-galactosidase  activity.  We  observed  significant  X-gal 
staining  in  the  sections  of  liver,  kidney,  and  spleen  as  shown  in 
Figure  5  (Panels  a,  b,  and  c  respectively). 

The  organ  sections  in  Figure  5  showed  no  evidence  of  cellular 
toxicity  or  cell  death.  This  was  confirmed  by  H  &  E  staining  of  serial 
sections  of  the  liver,  spleen,  kidney,  and  other  abdominal  organs  (data 
not  shown).  Immunohistochemical  determination  of  Bcl-xS  protein 
expression  within  the  organ  sections  could  not  be  done  because  all 
Bcl-x  antibodies  which  recognize  the  Bcl-xS  form  of  the  protein,  also 
recognize  Bcl-xL,  the  other  form  of  the  Bcl-x  protein.  Since  Bcl-xL  is 
highly  expressed  in  these  organs,  specific  detection  of  Bcl-xS  immuno- 
histologically,  carmot  reliably  be  accomplished  with  existing  reageants. 

Efficiency  of  gene  transduction  by  adenoviral  vectors  in  the  ascites 
model 

The  above  experiments  demonstrated  that  the  bcl-Xs  adenovirus  could 
be  injected  intraperitoneally  with  no  apparent  toxicity  to  normal  cells. 
In  order  to  demonstrate  the  therapeutic  index  of  intraperitoneal 
injections  of  bcl-Xs  adenovirus,  we  utilized  nude  mice  bearing  ascites 
derived  from  MDA-MB-231  breast  carcinoma  cells.  We  first  determ¬ 
ined  the  efficiency  of  adenoviral  gene  transduction  in  this  model  by 
measuring  the  ability  of  the  lac-Z  adenovirus  to  transduce  the  ascites 
cells  in  vivo.  Following  a  single  IP  injection  of  3  x  10^  pfu  of  the  lac-Z 

vector^  cells  were  aspirated  on  day  three  and  stained  for  |3-galactosidase 
activity.  At  this  titer,  approximately  40%  of  the  viable  cells  in  the 
aspirate  showed  X-gal  staining  (n=3).  In  order  to  demonstrate  Bcl-xS 
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protein  expression  in  transduced  cells,  we  performed  western  blotting 
on  lysates  derived  from  ascites  cells  withdrawn  from  the  abdominal 
cavity  three  days  following  administration  of  the  bcl-xs  adenovirus  in 
vivo.  As  shown  in  Figure  6,  Bcl-xS  protein  was  detected  in  aspirates  of 
ascites  from  mice  which  received  the  bcl-Xg  vector  (lane  2),  but  not  the 
lac-Z  vector  (lane  1).  The  level  of  expression  of  Bcl-xg  in  these  studies 
may  be  an  underestimate  since  cells  expressing  this  protein  undergo  an 
apoptotic  death. 

Therapeutic  efficacy  of  intraperitoneal  bcl-Xs  gene  therapy 

We  next  determined  the  effects  of  IP  administration  of  the  bcl-xs 
adenovirus  on  ascites  formation  and  survival  of  nude  mice  bearing 
breast  carcinoma.  The  viral  titer  per  injection  used  for  these  experim¬ 
ents  is  one  that  resulted  in  Bcl-xS  expression  in  the  ascites  model  in 
vivo  without  demonstrated  toxicity  (3  x  lO^pfu).  Since,  we  observed 
Bcl-xS  protein  expression  in  mice  3  days  following  administration  of 
the  bcl-Xs  vector  (Figure  6),  we  chose  a  regimen  where  each  mouse 
received  three  viral  injections  of  either  bcl-Xs  or  the  lac-Z  vector  once 
every  4  days. 

Relative  Weight  change  (RWC)  was  used  as  an  indirect  measure 
of  ascites  formation,  as  described  (Hamilton  et  al.,  1984;).  RWC  data 
were  analyzed  by  the  mixed  effects  model,  which  estimates  the  rates  of 
relative  weight  chzange  for  each  group  of  mice  (Littel  et  al.,  1996).  The 
estimated  rate  of  RWC  for  lac-Z  treated  and  uninjected  mice  were  only 
marginally  different  (+  1.53%  per  day  and  +  2.20%  per  day  respectively; 
p=0.0733).  In  contrast,  the  estimated  rate  of  RWC  for  bcl-Xs  treated 
mice  was  greatly  decreased  (-  0.06%  per  day ).  Comparison  of  the 
estimated  rates  of  RWC  for  bcl-xs  versus  lac-Z  treated  mice  showed 
that  they  were  highly  significantly  different  (p=  0.0001).  Thus,  mice 
injected  with  the  bcl-xs  adenovirus  showed  a  very  significant  decrease 
in  ascites  formation  compared  to  the  lac-Z  injected  mice  or  uninjected 
controls. 

As  a  more  direct  test  of  the  therapeutic  efficacy  of  bcl-xs  adeno¬ 
virus,  we  assessed  the  effects  of  intraperitoneal  bcl-Xs  gene  therapy  on 
survival  of  ascites  bearing  mice.  Figure  7  shows  that  the  median 
survival  time  for  lac-Z  treated  and  uninjected  mice  after  treatment, 
were  4  and  5  days  respectively.  In  marked  contrast,  mice  treated  with 
the  bcl-xs  vector  had  a  median  survival  time  of  53  days  after  treatment. 
The  difference  in  survival  time  between  mice  treated  with  the  lac-Z 
versus  the  bcl-xg  vectors  was  highly  statistically  significant  (n=7  per 
treatment  group;  p=0.0004).  Furthermore,  there  was  no  apparent 
systemic  toxicity  of  intraperitoneal  bcl-xs  adenoviral  gene  therapy. 
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DISCUSSION 

In  the  normal  mammary  gland  apoptosis  is  triggered  by  activation  of 
extracellular  proteases  which  degrade  the  basement  membrane, 
transmitting  an  apoptotic  signal.  In  addition,  the  pro-apoptotic  genes 
bcl-xs  and  bax  are  induced  (Heermeier  et  al.,  1996;).  Recent  discoveries 
elucidating  the  role  of  Bcl-xL  and  Bcl-2  in  inhibiting  apoptosis,  allow  a 
better  understanding  of  the  mechanism  of  Bcl-xS  action.  Bcl-xS  was 
thought  to  induce  apoptosis  by  antagonizing  the  protective  function  of 
Bcl-2  and  Bcl-xL.  This  antagonistic  action  of  Bcl-xS  was  independent  of 
the  ability  of  Bcl-xS  to  bind  Bcl-xL  (Minn  et  al.,  1996).  It  is  now  clear 
that  apoptosis  is  initiated  when  a  death  signal  triggers  cytochrome  C 
release  from  the  mitochonria  to  the  cytosol,  resulting  in  activation  of  a 
specific  protease  termed  caspase-3  (Li  et  al.,  1997;).  Overexpression  of 
Bcl-2/Bcl-xL  can  block  apoptosis  by  preventing  the  release  of  cytochro¬ 
me  C  into  the  cytosol  (Kim  et  al.,  1997;).  Conversely,  overexpression  of 
Bcl-xS,  the  Bcl-xL  antagonist,  inhibits  the  binding  of  Bcl-xL  to 
cytochrome  C,  thus  permitting  release  of  this  redox  enzyme  into  the 
cytosol  (Kharbanda  et  al.,  1997;).  The  released  cytochrome  C  is  part  of  a 
protein  complex  which  results  in  caspase-3  activation.  Specifically,  a 
precursor  caspase-9  is  activated  when  bound  by  a  complex  containing 
cytosolic  cytochrome  C  and  a  "docking"  protein  termed  Apaf-1 
(apoptosis  protease  activiating  factor),  in  the  presence  of  dATP/ATP. 
The  activated  caspase-9  activates  caspase-3,  which  in  turn  leads  to  the 
breakdown  of  structural  nuclear  proteins  and  genomic  DNA 
(Li  et  al.,  1997;),  characteristic  of  apoptosis. 

We  hypothesize  that  during  carcinogenesis,  genetic  events  such 
as  overexpression  of  Bcl-2  or  Bc1-xl,  permit  a  cell  to  escape  induction  of 
apoptosis,  thereby  conferring  a  selective  advantage  to  these  cells.  This 
hypothesis  is  consistent  with  recently  described  models  of  carcinogen¬ 
esis  in  the  mammary  gland  and  pancreas,  in  which  early  hyperplastic 
lesions  demonstrate  increases  in  cell  proliferation  accompanied  by 
increases  in  apoptosis  (Naik  et  al.,  1996;).  In  contrast,  the  progression 
from  hyperplasia  to  carcinoma  is  accompanied  by  marked  decrease  in 
apoptosis  in  carcinoma  cells.  In  a  transgenic  model  of  pancreatic 
carcinogenesis,  this  decrease  in  apoptosis  results  from  Bcl-xL  over¬ 
expression  (Naik  et  al.,  1996;).  We  postulate  that  carcinoma  cells  are 
more  sensitive  to  Bcl-xg  induced  apoptosis  than  normal  cells,  since 
overexpression  of  Bcl-xL  (or  Bcl-2)  in  carcinoma  cells  is  required  to 
block  apoptosis,  which  occurs  as  a  consequence  of  aberrant  expression 
of  genes  regulating  proliferation  (Evan  et  al.,  1995;).  Antagonizing 
Bcl-xL  or  Bcl-2  by  expression  of  Bcl-xS,  triggers  these  transformed  cells 
to  undergo  spontaneous  apoptosis.  In  contrast  to  tumor  cells,  normal 
cells  require  additional  apoptotic  stimuli  to  trigger  this  pathway.  This 
hypothesis  is  further  supported  by  our  finding  that  the  bcl-xg  adeno- 
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virus  is  lethal  to  a  variety  of  carcinoma  cells  (Clarke  et  al.,  1995). 

The  data  presented  in  this  manuscript  directly  support  the  above 
hypothesis,  since  c-myc  transformed  murine  mammary  cells  are 
markedly  more  sensitive  to  apoptosis  induced  by  bcl-Xg  adenovirus 
compared  to  their  non-transformed  counterpart.  Furthermore,  this 
differential  sensitivity  is  not  due  to  differences  in  adenoviral  infectiv- 
ity  or  Bcl-xs  protein  expression.  This  data  is  also  consistent  with  our 
previous  observations  that  the  bcl-xs  adenovirus  can  select-ively 
induce  apoptosis  in  mammary  carcinoma  cells  compared  to  bone 
marrow  progenitors,  suggesting  that  this  may  be  a  useful  agent  for 
bone  marrow  purging  in  autologous  transplantation  (Clarke  et  aL, 
1995;).  Direct  comparison  of  the  effects  of  Bcl-xS  expression  in  non- 
transformed  versus  c-myc  transformed  mammary  cells  provides  a 
better  test  of  this  hypothesis  since  differences  in  species  and  tissue  types 
in  previous  studies  might  account  for  differential  sensitivity  to  the 
adenoviral  bcl-xs  vector.  Furthermore,  this  model  has  direct  clinical 
relevance  since  up  to  30%  of  human  breast  carcinomas  overexpress 
c-myc  (Bems  et  al.,  1996;),  and  such  tumors  may  be  particularly 
responsive  to  Bcl-xS  induced  cell  death  in  vivo.  It  remains  to  be 
determined  whether  other  genes  which  are  overexpressed  in  human 
breast  carcinomas,  such  as  cyclin-D,  sensitize  cells  to  Bcl-xS  induced 
apoptosis. 

We  extended  the  in  vitro  experiments  on  sensitivity  of  normal 
versus  tumor  mammary  cells  to  the  bcl-xs  adenovirus,  to  a  mouse 
breast  cancer  ascites  model.  We  demonstrate  that  intraperitoneal 
injections  of  the  bcl-xs  adenovirus  reduce  ascites  formation  and 
markedly  increase  survival  in  animals  bearing  MDA-MB-231  ascites. 
Furthermore,  no  systemic  or  local  toxicity  was  observed,  despite  the 
demonstrated  ability  of  adenoviral  vectors  to  transduce  normal  mouse 
cells  in  vivo.  ^ 

The  use  of  adenoviral  vectors  bearing  death  promoting  genes  to 
treat  intraperitoneal  carcinomatosis  has  been  previously  reported.  Yee 
et  al  demonstrated  that  IP  administration  of  an  adenovirus  vector 
encoding  the  herpes  virus  thymidine  kinase  gene  (HSV-TK),  followed 
by  ganciclovir  (GCV)  treatment,  resulted  in  a  modest  increase  in 
survival  in  a  breast  cancer  ascites  model.  However,  they  reported 
significant  toxicity  with  this  approach,  including  marked  cytopathic 
changes  in  the  liver.  These  results  demonstrated  that  adenoviral 
vectors  can  transduce  normal  cells  in  vivo.  However,  the  expression 
of  HSVTK  followed  by  GCV  treatment  resulted  in  equival-ent  toxicity 
to  normal  and  tumor  cells.  In  contrast,  in  our  studies  the  bcl-Xs 
adenovirus  produced  more  pronounced  effects  on  cell  survival  with 
less  apparent  toxicity,  consistent  with  our  in  vitro  results  showing 
selective  killing  of  c-myc  transformed  mammary  cells  compared  to 
non-transformed  cells  (Yee  et  al.,  1996;). 
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These  data  in  combination  with  our  previous  studies  showing 
that  low  levels  of  Bcl-xs  expression  sensitize  breast  cancer  cells  to 
chemotherapy  induced  apoptosis  (Sumantran  et  al.,  1995;),  and  that 
intralesional  injections  of  the  bcl-xs  vector  caused  tumor  regression 
when  administered  intralesionally  in  vivo  (Ealovega  et  al.,  1996;); 
strengthen  the  rationale  for  developing  the  bcl-Xs  adenovirus  as  a  gene 
therapy  agent  for  breast  cancer.  Furthermore,  these  results  have  impli¬ 
cations  for  the  development  of  other  strategies  to  antagonize  bcl-2 
family  members  for  cancer  therapy. 
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TABLE  1 


Differential  Induction  of  Apoptosis  by  bcl-xs  adenovirus 
in  normal  versus  tumor  mouse  mammary  cells 

Fold  Increase  in  Apoptosis^ 


Mean  Units  of  cytoplasmic  DNA-histone  (±  S.E.M.)^ 


CELL  TYPE 

control 

lac-Z 

infected 

bcl-xs 

infected 

Fold  Increase  in  Apoptosis  | 

bcl-xs/control 

COMMA-ID 

0.14  (0.005) 

0.16  (0.05) 

0.25  (0.08) 

1.78 

MYC-83 

0.08  (0.008) 

0.15  (0.03) 

1.61  (0.39) 

21.47 

11.11 

Comma-1  D  normal  cells  and  the  Myc-83  cells  were  infected  with  the  Adv-bcl-xs 
or  Adv-lac-Z  vectors  (MOI  of  1000).  Two  days  post  infection  cytoplasmic  extrtacts  were 
isolated  from  each  sample.  The  extracts  were  normalized  for  total  cell  number 

(3  x  10^  cells/ mL)  and  quantitated  for  DNA-histone  complexes  by  the  Cell  Death  ELISA. 
The  data  show  units  of  DNA-histone  in  each  sample.  Fold  increase  in  apoptosis 
represents  the  amount  of  DNA-histone  in  the  bcl-xs  infected  cells  relative  to  uninfected 
cells  or  lac-Z  infected  cells  (n=3  and  S.E.M  is  shown).  The  level  of  DNA-histone  in  bcl-xs 
infected  Myc-83  cells  was  significantly  greater  than  that  in  bcl-xs  infected  Comma-ID 
cells  (p=0.03). 

« 

a 

Fold  Increase  in  apoptosis  =  Units  of  DNA-histone  in  treated  cells 

Units  of  DNA-histone  in  untreated  cells 

b 

1.0  Unit405  nm  =  peroxidase  activity  conjugated  to  anti-DNA-anti-histone  antibodies, 

specifically  bound  to  a  cytoplasmic  extract  from  2  x  10^  HL-60  cells  treated  with 
camptothecin  (2  pg/mL  for  4  hours). 
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FIGURE  LEGENDS 

Figure  1:  Adenoviral  Infectivity  of  Comma-ID  and  Myc-83  cells: 

After  2  days  of  infection  with  the  lac-Z  adenoviral  vector  (MOI  of  1000), 

the  lac-Z  infected  cells  were  assayed  for  p-galactosidase  activity.  In  this 
experiment  approximately  70%  of  the  Comma-1  D  cells  (Panel  A  )  and 

Myc  83  (Panel  B  )  cells  infected  with  the  lac-Z  vector,  expressed  p- 
galactosidase  activity.  The  average  percent  of  Comma-1  D  cells  cells 
expressing  lac-Z  was  76  %  ±  4.60  %,  whereas  the  Myc-83  cells  showed 
an  average  lac-Z  expression  of  81%  ±  3.20  %  under  these  infection 
conditions  (n=3,  +  S.E.M.). 

Figure  2:  Western  blot  demonstrating  Bcl-xS  protein  expression: 
Comma-ID  and  Myc  83  cells  were  infected  with  either  the  bcl-Xs  or 
lac-Z  adenoviral  vectors  (MOI  of  1000).  Two  days  after  infection, 
lysates  were  prepared  and  electrophoresed  on  12%  SDS-PAGE  gels  as 
described.  The  blot  was  probed  with  antibody  to  human  Bcl-x.  The 
Bcl-xS  protein  is  indicated  by  the  arrow.  Lanes  1,2,  and  3  represent 
lysates  of  uninfected  Comma-ID  cells,  Comma-ID  cells  infected  with 
bcl-xs  virus,  and  lac-Z  virus  respectively.  Lanes  4,5,  and  6  represent 
lysates  of  uninfected  Myc-83  cells,  Myc-83  cells  infected  with  the  bcl-xs, 
and  lac-Z  adenoviruses  respectively. 

Figure  3:  Effect  of  bcl-xs  adenovirus  on  cell  morphology:  Comma-ID 
normal  cells  and  the  Myc  83  mouse  tumor  cell  types  were  infected  with 
the  bcl-xs  or  lac  Z  vectors  (MOI  of  250)  and  photograhed  4  days  later. 
Panelfl  :  uninfected  Comma-ID  cells.  Panels  b  and  c  :  Comma-ID 
cells  infected  with  the  lac-Z  and  bcl-Xg  viral  vectors  respectively. 

Paneld. :  Uninfected  Myc-83  cells.  Panelse  and/  :  Myc-83  cells 
infected  with  the  lac-Z  and  bcl-Xg  viral  vectors  respectively. 

Figure  4:  Effect  of  bcl-Xs  adenovirus  on  cell  viability:  Comma-ID 
mouse  cells  and  the  c-myc  overexpressing  mouse  mammary  tumor  cell 
line  (Myc  83),  were  infected  with  the  bcl-xs  or  lac-Z  adenoviral  vectors 
(MOI  of  1000).  Two  days  after  infection  cells  from  duplicate  samples 
were  counted.  The  graph  shows  dead  cells  as  a  percentage  of  total  cell 
number  in  each  sample  (n=3,  S.E.M.  is  shown).  The  difference  in 
viability  of  the  bcl-Xs  infected  Myc-83  cells  versus  bcl-Xs  infected 
Comma-ID  cells  was  highly  significant  (p=0.003). 
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FIGURE  LEGENDS  (CONTINUED) 

Figure  5:  Effect  of  intraperitoneal  administration  of  bcl-xg  and  lac-Z 
adenoviruses  on  normal  histology  of  nude  mice:  Three  normal  nude 
mice  were  injected  with  a  mixture  of  bcl-Xs  and  lac-Z  adenoviruses 
(ratio  of  9:1,  total  viral  titer  =  6.60  x  10^  )  to  identify  adenoviral  infected 
cells  in  situ.  The  mice  were  sacrificed  after  7  days,  and  abdominal  organs 

were  cryopreserved,  sectioned,  and  stained  for  P-galactosidase  activity. 
Data  from  all  3  mice  were  consistent.  Significant  levels  of  X-gal  staining 
were  observed  in  the  liver,  kidney,  and  spleen,  with  no  apparent 
cytopathic  effect  (Panels  a,  h,  andc  respectively). 

Figure  6:  Bcl-xS  protein  expression  in  vivo:  Nude  mice  bearing  MDA- 
MB-231  ascites  were  injected  once  intraperitoneally  with  either  the  bcl- 
Xs  or  lac-Z  viral  vector  (total  viral  titer  =  3  x  10^).  After  3  days,  ascites 
cells  from  each  mouse  were  aspirated,  plated,  and  harvested  for  SDS- 
PAGE  analysis  as  described.  Western  blotting  showed  that  the  Bcl-xS 
protein  (see  arrow)  was  detected  in  the  aspirate  from  the  mouse  injec¬ 
ted  with  the  bcl-xs  adenoviral  vector  (Lane  2),  but  not  in  the  aspirate 
from  the  mouse  injected  with  the  lac-Z  vector  (Lane  1). 

Figure  7:  Effect  of  bcl-xs  gene  therapy  on  survival  of  ascites  bearing 
mice:  Nude  Mice  with  MDA-MB-231  carcinoma  ascites  were  divided 
into  three  groups  (Bcl-xS  treated,  Lac-Z  treated,  or  untreated  controls). 
Three  viral  injections  of  either  bcl-Xs  or  the  lac-Z  adenovirus  vector 
were  given  once  every  4  days,  and  occurred  on  days  0, 4,  and  8 
respectively.  Survival  distributions  are  displayed  using  the  Kaplan- 
Meir  method  (n=7  per  group). 
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Introduction 

Recent  advances  on  the  molecular  basis  of  cancer  have  indicated  that  transformation  is 
not  solely  a  matter  of  increased  cellular  proliferation  [60].  It  has  become  widely  ac¬ 
cepted  that  more  than  one  genetic  alteration  is  necessary  for  a  cell  to  become  cancer¬ 
ous  [80].  This  is  due  to  built-in  cellular  mechanisms  that  can  detect  abnormalities  and 
activate  genetic  programs  to  remedy  them,  making  single  adverse  events  less  likely  to 
cause  significant  problems.  For  example,  tumor  suppressor  genes  are  best  known  for 
their  ability  to  halt  cell  cycle  progression  and  allow  time  for  repair  and  maintenance  of 
genomic  integrity  [83].  Malfunction  of  this  system  constitutes  a  second  defect  that  can 
lead  to  malignant  transformation  [80]. 

More  recently,  a  second  protective  mechanism  known  as  apoptosis  has  been  iden¬ 
tified  as  important  in  deleting  potentially  dangerous  cells  from  an  organism  [28].  Pro¬ 
grammed  cell  death  (PCD)  is  a  genetic  program  that  initiates  a  series  of  events  result¬ 
ing  in  cell  suicide.  This  process  leads  to  apoptosis,  a  morphologically  distinct  form  of 
death  with  physical  characteristics  such  as  nuclear  fragmentation,  membrane  blebbing, 
and  DNA  degradation  [86].  Apoptosis  plays  a  vital  role  in  the  normal  development  of  an 
organism.  Its  j»any  functions  include  regression  of  the  tadpole  tail  in  frogs  [44]  as  well  as 
the  removal  of  self  reactive  lymphocytes  in  the  formation  of  mammalian  immunity  [72]. 

DNA  damage  and  the  improper  expression  of  oncogenes  have  been  shown  to  in¬ 
duce  programmed  cell  death  [28].  This  is  presumably  a  safeguard  against  cancer.  Ge¬ 
netic  defects  that  permit  a  cell  to  constitutively  block  apoptosis  confer  a  selective 
growth  advantage  to  that  cell.  Thus,  it  makes  sense  that  this  is  an  essential  step  in  the 
progression  to  cancer.  The  discovery  and  characterization  of  several  apoptosis  modu¬ 
lators  have  verified  that  this  is  indeed  often  the  case.  Improper  regulation  of  these 
genes  can  increase  cell  survival  and  provide  tumor  resistance  to  traditional  forms  of 
cancer  treatment  (radiation  and  chemotherapy)  that  function  by  activating  PCD  [32]. 
This  generally  leads  to  poor  clinical  prognosis. 

Fortunately,  these  same  pathways  that  block  cell  death  represent  a  potential  target 
for  the  rational  design  of  new  therapies.  In  this  review,  we  will  introduce  the  factors 
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regulating  apoptosis  in  cancer  and  discuss  possible  areas  for  intervention.  We  will  also 
provide  an  example  of  such  intervention,  in  which  an  adenovirus  is  used  to  deliver  a 
pro-apoptotic  gene,  bcl-Xs^ 


Programmed  cell  death 

PCD  is  best  understood  in  the  nematode  Caenorhabditis  elegans,  where  the  fate  of  all 
1090  cells  have  been  tracked.  Of  these  cells  131  undergo  cell  death  during  develop¬ 
ment,  and  genetic  studies  revealed  the  master  controls  behind  this  phenomenon.  A  gain 
of  a  function  mutant  of  the  ced-9  {ced  for  cell  death  abnormal)  gene  caused  all  131 
cells  that  are  normally  eliminated  to  survive,  while  loss  of  function  ced~9  mutations 
caused  more  than  the  usual  131  cells  to  die  [38].  In  contrast  to  ced-9,  the  ced-2>  and 
ced-A  genes  cause  cell  death  [27].  In  ced’A\ced’9  and  ced-3;ced-9  double  mutants  all 
cells  live,  which  suggests  that  Ced-3  and  Ced-4  are  cell  death  effectors,  and  Ced-9, 
which  functions  upstream,  is  an  antagonist  of  these  proteins.  It  is  known  that  Ced-4 
binds  to  Ced-3  resulting  in  activation  of  the  caspase  [42,  85].  Ced-9  binds  to  Ced-4, 
blocking  its  ability  to  activate  Ced-3  [73,  85].  This  apoptosis  machinery  has  been  well 
conserved  throughout  evolution.  We  now  know  that  Bcl-2  family  members  are  mam¬ 
malian  homologues  of  Ced-9  [39]  and  the  caspases  (or  ICE  proteases)  are  homologues 
of  Ced-3  [90].  No  homologue  of  Ced-4  has  yet  been  identified,  but  the  apparent  inter- 
changability  of  these  proteins  between  nematode  and  mammalian  systems  has  facili¬ 
tated  the  ordering  of  these  genes  [14,  15,  84]. 


Improper  growth  stimulation  leads  to  apoptosis 

The  expression  of  key  genes  is  involved  in  the  signal  to  proliferate.  Due  to  their  mito¬ 
genic  properties  many  of  these  are  proto-oncogenes  and  have  been  implicated  in  hu¬ 
man  carcinogenesis,  since  uncontrolled  growth  is  one  of  several  steps  along  the  path 
towards  cancer.  Recent  evidence  suggests  that  inappropriate  expression  of  these  genes 
leads  not  only  to  proliferation  but  to  activation  of  the  PCD  pathway. 

Deregulated  expression  of  the  c-myc  gene  occurs  in  up  to  30%  of  human  cancers 
[61].  In  normal  cells,  expression  of  the  c-myc  proto-oncogene  is  rapidly  up-regulated 
when  a  cell  Vitiates  proliferation  [2].  Although  all  of  the  functions  of  c-Myc  are  not 
completely  understood,  it  is  a  transcription  factor  that,  when  highly  expressed,  is  able 
to  overcome  growth  arrest  and  to  block  differentiation  [5,  6,  25,  62].  Interestingly,  c- 
Myc,  whose  expression  is  so  tightly  linked  with  cell  growth,  has  also  been  shown  to 
induce  cell  death.  When  c-Myc  is  highly  expressed  in  cells  that  are  deprived  of  growth 
factor,  they  undergo  apoptosis  [29].  Therefore,  the  consequences  of  c-Myc  expression 
depends  on  the  context  of  other  proliferative  signals. 

A  similar  story  holds  true  for  the  c-fosljun  proto-oncogenes.  Their  protein  products 
associate  to  form  a  transcription  factor  called  activator  protein- 1  (AP-1)  [17].  Like  c- 
Myc,  AP-1  is  induced  upon  mitogenic  stimulation  and  appears  to  be  involved  in  medi¬ 
ating  cell  cycle  progression  [1].  c-Fos  and  Jun  expression  have  also  been  correlated 
with  PCD  in  response  to  unfavorable  growth  conditions  or  cell  injury  [10, 23].  Further 
implicating  c-Fos  in  apoptosis  were  experiments  demonstrating  that  ectopic  expression 
of  c-Fos  led  to  cell  death  under  conditions  in  which  cells  were  normally  quiescent  [63]. 
The  converse  experiment  (inhibition  of  c-Fos  expression)  increased  cell  survival  under 
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conditions  which  normally  led  to  mass  apoptosis  [23].  This  supports  the  hypothesis 
that  c-Fos  somehow  regulates  apoptosis. 

At  first  these  two  opposing  functions  of  both  c-Myc  and  AP-1  may  appear  to  be 
contradictory.  However,  closer  scrutiny  reveals  that  induction  of  apoptosis  by  growth 
effectors  may  be  an  important  safety  means  by  which  proliferation  can  be  halted  if 
such  factors  are  expressed  at  inappropriate  times.  This  can  selectively  eliminate  cells 
with  potentially  carcinogenic  alterations,  which  often  result  in  proliferation  regardless 
of  the  external  signals  provided  by  their  environment.  The  mechanism  by  which  this 
takes  place  is  as  yet  unknown.  It  is  possible  that  the  proto-oncogenes  that  induce  pro¬ 
liferation  also  inherently  produce  a  continuous  death  signal  that  can  only  be  stopped 
under  favorable  growth  conditions.  For  example,  certain  growth  factors  apparently 
function  to  inhibit  the  cell  death  pathway  [12,  21,  34].  On  the  other  hand,  apoptosis 
may  be  the  result  of  conflicting  growth  and  quiescence  signals  within  the  same  cell. 

In  addition,  some  tumor  suppressor  genes  also  function  by  regulation  of  PCD.  One 
of  the  most  common  abnormalities  in  human  malignancy  is  a  mutation  of  the  p53  tu¬ 
mor  suppressor  gene  [79].  Up  to  50%  of  human  cancers  harbor  such  mutations.  p53 
exerts  its  tumor-suppressing  effects  in  two  ways:  cell  cycle  regulation  and  apoptosis. 
p53  controls  the  cell  cycle  through  transcriptional  activity.  Putative  p53  DNA  binding 
sites  have  been  identified  and  can  direct  mRNA  synthesis  upon  activation  of  p53  [43, 
64].  Several  genes  have  thus  far  been  shown  to  be  under  the  direct  transcriptional  con¬ 
trol  of  p53.  One  of  these,  p2]  (also  called  wafl  or  cip~\)  is  activated  by  p53  in  re¬ 
sponse  to  cellular  damage  [26].  Elevated  levels  of  p21  can  cause  growth  arrest  by 
binding  to  cyclin-Cdk  complexes  and  inhibiting  kinase  activity  [51].  In  addition,  p53 
has  been  implicated  in  the  repair  of  radiation-induced  DNA  damage  and  transcriptional 
repression  [49,  70]. 

Perhaps  more  importantly,  p53  has  been  shown  to  induce  apoptosis  under  several 
conditions.  Sometimes  the  simple  restoration  of  p53  in  a  transformed  cell  is  enough  to 
cause  cell  death  [89].  In  another  example,  mouse  thymocytes  lacking  p53  are  resistant 
to  apoptosis  caused  by  radiation  and  various  forms  of  chemotherapy,  while  p53-posi- 
tive  cells  die  when  treated  in  the  same  way  [18,  52].  This  suggests  that  p53  is  a  major 
downstream  effector  of  current  methods  of  cancer  treatment. 

The  ability  of  p53  to  induce  apoptosis  usually  does  not  require  transcription,  and 
some  p53  mutants  that  cannot  bind  DNA  and  stimulate  RNA  synthesis  are  still  able  to 
activate  the  cell  death  pathway  [36,  82].  Therefore,  in  some  systems  the  apoptotic 
function  of  p63  can  be  separated  from  the  cell  cycle  regulation,  which  does  require 
transcription.  However,  it  should  be  noted  that  p53-mediated  apoptosis  is  not  always 
transcription  independent.  Some  studies  indicate  that  p53  promotion  of  cell  death  can 
be  transcription  dependent  [67].  This  is  further  supported  by  the  finding  that  the  Bcl-2 
family  member  (see  below)  Bax,  which  is  pro-apoptotic,  has  a  promoter  containing 
p53  binding  sites  and  is  transcriptionally  activated  by  p53  [55]. 


Members  of  the  bcl-2  family  regulate  apoptosis 

The  bcl-2  gene  was  discovered  at  the  breakpoint  of  a  t(14;18)  translocation  that  com¬ 
monly  occurs  in  B  cell  lymphomas  [20,  76].  Bcl-2  was  shown  in  culture  to  suppress 
apoptosis  normally  induced  by  a  variety  of  factors  including  growth  factor  withdrawal, 
7-irradiation,  and  chemotherapeutic  drugs  [58,  69].  The  protective  effects  of  Bcl-2  are 
not  universal,  as  T  cell  deletion  still  occurs  in  the  presence  of  Bcl-2  overexpression 
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[69].  When  constitutively  expressed  in  transgenic  mice,  Bcl-2  led  to  an  accumulation 
of  B  cells  [53].  The  expansion  of  the  B  cell  population  was  not  due  to  enhanced  cell 
proliferation  but  to  decreased  cell  death.  The  enhanced  B  cell  life  presumably  allowed 
secondary  genetic  abnormalities  to  accumulate,  and  eventually  ended  in  lymphoma. 
Further  investigation  demonstrated  that  Bcl-2  knockout  mice  were  subject  to  increased 
apoptosis  and  loss  of  mature  lymphocytes  [78].  Nevertheless,  these  mice  were  able  to 
survive  through  development,  implying  a  functional  redundancy  with  respect  to  Bcl-2, 

During  the  past  few  years  several  homologues  of  Bcl-2  have  been  identified.  Mem¬ 
bers  of  this  family  of  proteins  contain  one  or  more  of  four  Bcl-2  homology  (BH)  re¬ 
gions  termed  BHl,  BH2,  BH3,  and  BH4.  Bax,  Bad,  Bak  and  Bik  negatively  regulate 
apoptosis,  apparently  by  antagonizing  Bcl-2  [8, 16, 31,  46, 59,  87],  Another  Bcl-2  fam¬ 
ily  member,  Bcl-x,  can  be  present  in  one  of  two  forms  depending  on  how  the  primary 
RNA  transcript  is  spliced  [7],  The  larger  of  the  two  Bcl-x  proteins,  Bc1-Xl,  contains  all 
four  BH  regions  and  exhibits  the  highest  homology  to  Bcl-2.  In  culture  Bc1-Xl  displays 
remarkable  similarity  to  Bcl-2  in  ability  to  block  apoptotic  response  to  a  range  of  ex¬ 
ternal  signals.  The  smaller  protein,  Bcl-Xs,  contains  BH3  and  BH4  regions  and  can  ac¬ 
tually  accelerate  apoptosis  in  certain  situations,  such  as  cytokine  withdrawal  from  in- 
terleukin-3-dependent  cell  lines.  In  addition,  Bcl-Xs  abrogates  the  protective  functions 
of  both  Bcl-2  and  Bc1-Xl.  The  relative  levels  of  Bc1-Xl  and  Bcl-Xs  appears  to  be  an  im¬ 
portant  factor  in  cell  survival. 

The  actual  mechanism  by  which  Bcl-2  family  members  carry  out  their  actions  is  an 
area  of  intense  investigation.  The  carboxy  terminus  of  Bcl-2  contains  a  hydrophobic 
transmembrane  domain  that  localizes  Bcl-2  primarily  to  the  outer  mitochondrial  mem¬ 
brane  [48].  Removal  of  this  targeting  domain  from  Bcl-2  and  related  family  members 
either  abolishes  or  diminishes  protective  activity,  which  implies  that  membrane  local¬ 
ization  is  important  for  Bcl-2  function  [57, 75].  It  is  likely  that  Bcl-2  acts  by  inactivat¬ 
ing  cell  death  effectors  such  as  a  mammalian  version  of  Ced-4  [15,  84].  In  other  theo¬ 
ries  Bcl-2  has  been  postulated  to  act  by  controlling  the  cytoplasmic  level  of  intercellu¬ 
lar  species  such  as  p53,  Cdks,  cytochrome  c,  Ca^%  or  reactive  oxygen  species  [3,  41, 
47,  50,  54,  66,  88].  How  all  of  these  processes  relate  is  still  poorly  understood. 


Apoptosis  regulators  -  who  is  really  in  control? 

So  far  we  ha^e  discussed  the  c-Myc,  AP-1,  p53,  and  Bcl-2  proteins  in  separate  con¬ 
texts.  However,  it  is  obvious  that  proteins  playing  such  critical  roles  in  the  cell  must 
have  some  degree  of  interdependence.  It  is  unlikely  that  there  would  be  so  many  au¬ 
tonomous  apoptosis  pathways.  A  more  likely  scenario  is  the  existence  of  multiple  ways 
in  which  apoptosis  can  be  triggered,  all  of  which  converge  upon  a  group  of  central  reg¬ 
ulators. 

p53  has  been  shown  to  activate  an  apoptosis  program  not  only  in  response  to  dam¬ 
age  caused  by  external  agents,  but  also  in  response  to  internal  cellular  dysfunction. 
This  raises  the  question  of  whether  improper  expression  of  genes  such  as  c-myc  and 
fosljun  induce  apoptosis  in  a  p53-dependent  fashion.  Evidence  exists  that  this  is  the 
case.  c-Myc-induced  apoptosis  is  not  apparent  in  several  cell  lines  devoid  of  functional 
p53,  but  is  restored  upon  the  introduction  of  wild-type  p53  [40,  82].  Similar  experi¬ 
ments  have  shown  that  this  p53  dependence  also  holds  true  with  c-Fos  [63].  Therefore, 
it  appears  that  p53  acts  downstream  of  Myc  and  Fos  and  at  least  in  some  cases  is  an  in¬ 
termediate  through  which  the  Myc  and  Fos  cell  death  signals  act. 
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Bcl-2  and  BcI-Xl  can  inhibit  both  c-Myc-  and  p53-induced  apoptosis  [4,  30,  33,  68, 
77,  81].  This,  in  addition  to  the  multitude  of  other  death  signals  that  can  be  antago¬ 
nized  by  Bcl-2,  suggests  that  the  Bcl-2  family  acts  downstream  of  most  apoptosis  ef¬ 
fectors  and  is  one  of  the  final  resorts  in  stopping  PCD.  Because  alteration  of  Bcl-2 
family  regulation  can  block  most  forms  of  apoptosis,  this  represents  an  efficient  man¬ 
ner  in  which  cells  could  become  transformed.  Thus,  it  is  logical  that  Bcl-2  family 
members  might  play  a  role  in  many  cancers.  It  is  currently  thought  that  in  up  to  60% 
of  all  cancers,  apoptosis  is  inhibited  through  overexpression  of  a  Bcl-2  family  member 
[11, 13,  22,  24,71]. 


Therapeutic  targeting  of  apoptosis  pathways  in  transformed  cells 

Our  increased  understanding  of  the  hierarchical  ordering  of  apoptosis  regulators  may 
be  useful  in  targeting  treatment  of  transformed  cells.  Since  it  appears  that  the  majority 
of  cell  death  pathways  converge  and  are  under  the  control  of  Bc1-2/Bc1-Xl,  negative 
regulators  of  Bcl-2  and  Bc1-Xl  would  probably  allow  a  cell  to  act  upon  apoptotic  sig¬ 
nals.  The  delivery  of  such  a  gene  to  cancerous  cells  would  relieve  the  protection  pro¬ 
vided  by  elevated  expression  of  an  apoptosis  inhibitor.  High  expression  alone  might 
kill  the  cells,  and  lower  expression  levels  could  increase  cellular  sensitivity  to  radia¬ 
tion  or  chemotherapy. 

To  test  this  hypothesis,  our  laboratory  constructed  a  recombinant,  replication-in¬ 
competent  adenovirus  vector  expressing  die  bcUxs  gene,  a  functional  inhibitor  of  Bcl- 
2  and  Bc1-Xl  [19].  This  vector  was  able  to  efficiently  introduce  the  gene  into  a  wide  va¬ 
riety  of  cell  lines  and  deliver  high  levels  of  expression.  As  expected,  virtually  all  ep¬ 
ithelial-derived  transformed  cell  lines  that  we  have  tested  to  date  are  killed  by  the  bcl- 
Xs  virus  via  apoptosis.  Cancer  cells  derived  from  patients  with  neuroblastoma,  kaposi’s 
sarcoma,  and  breast,  colon,  ovarian,  and  head  and  neck  cancers  all  undergo  apoptosis 
when  cells  express  high  levels  of  Bcl-Xs  protein  [19].  This  is  true  both  for  primary  can¬ 
cer  cells  and  established,  transformed  cell  lines.  Low  level  expression  of  Bcl-Xs  sensi¬ 
tizes  cells  to  both  chemotherapy  [74]  and  radiation  therapy.  On  the  other  hand,  normal 
fibroblasts  and  hematopoietic  stem  cells  are  relatively  resistant  to  bcl-Xs  adenovirus-in¬ 
duced  apoptosis. 

The  use  of  an  adenovirus  to  deliver  bcl-xshsis  potential  clinical  utility.  Results  from 
our  laboratorffes  indicate  that  resistance  of  hematopoietic  stem  cells  to  the  virus  is  at 
least  in  part  due  to  the  inability  to  infect  such  cells.  High-dose  chemotherapy  and  au¬ 
tologous  hematopoietic  stem  cell  transplantation  is  increasingly  being  used  to  treat 
both  breast  cancer  and  childhood  neuroblastoma  [35,  45].  Unfortunately,  the  autolo¬ 
gous  stem  cells  used  to  rescue  the  patient  from  lethal  doses  of  chemotherapy  are  fre¬ 
quently  contaminated  with  cancer  cells  [9,  37,  65].  The  selective  killing  of  the  cancer 
cells  by  cytotoxic  adenovirus  vectors  makes  such  agents  ideal  for  eliminating  cancer 
cells  contaminating  the  stem  cells  collected  for  re-infusion.  Studies  from  our  laborato¬ 
ries  have  demonstrated  the  feasibility  of  this  approach.  The  bcl-Xs  adenovirus  was  able 
to  eliminate  1.5  x  10"^  cancer  cells  contaminating  10^  normal  bone  marrow  cells, 
whereas  the  normal  human  hematopoietic  stem  cells  exposed  to  the  virus  were  still  ca¬ 
pable  of  engrafting  the  bone  marrow  of  SCED  mice  [19]. 

This  virus  may  also  be  useful  for  the  treatment  of  cancers  in  other  settings.  Because 
non-replicating  viruses  will  only  diffuse  for  limited  distances  in  solid  tissues,  they  can 
best  be  delivered  to  cells  in  a  cavity.  Two  diseases  in  which  this  virus  may  be  useful 
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are  bladder  and  ovarian  cancer.  Early  bladder  cancer  arises  in  the  bladder  and  ovarian 
cancer  initially  spreads  in  the  peritoneal  cavity.  Furthermore,  early  bladder  cancers  are 
superficial  tumors  which  arise  focally  or  diffusely  initially  penetrating  only  a  few  cell 
layers  of  the  bladder  luminal  epithelium.  Similarly,  early  in  the  course  of  ovarian  can¬ 
cer,  or  after  initial  chemotherapy,  there  are  often  microscopic  foci  of  tumor  cells  re¬ 
maining.  In  both  of  these  cases,  it  is  quite  possible  that  all  of  the  cells  can  be  infected 
and  killed  by  an  adenovirus  vector. 

One  area  of  concern  is  whether  normal,  non-transformed  cells  will  be  adversely  af¬ 
fected  by  the  introduction  of  Bcl-Xj  overexpression.  Circumstantial  evidence  from  our 
laboratory  indicates  that  the  virus  will  preferentially  kill  transformed  cells.  This  sug¬ 
gests  that  Bcl-Xs  itself  does  not  cause  apoptosis.  Rather,  Bcl-Xs  may  function  by  al¬ 
lowing  other  stimuli  to  initiate  an  apoptotic  pathway  without  the  interference  of  Bcl-2 
family  members.  Since  transformed  cells,  by  virtue  of  their  genetic  lesions,  are  more 
likely  to  deliver  these  signals  than  their  normal  counterparts  this  may  explain  the  se¬ 
lectively  of  Bcl-Xs-mediated  killing.  This  mechanism  will  only  become  clearer  when 
we  better  understand  the  mode  of  Bcl-Xs  action  and  the  role  of  the  Bcl-2  family  in  sur¬ 
vival  of  normal  and  transformed  cells. 


Summary 

Transformation  is  a  complex  cellular  process  that  requires  several  genetic  abnormali¬ 
ties.  In  many  cases,  one  of  these  abnormalities  is  an  inhibition  of  PCD,  which  provides 
a  selective  advantage  for  tumor  cells.  This  has  been  recently  shown  in  an  in  vivo 
model,  where  overexpression  of  Bc1-Xl  is  a  crucial  step  in  the  progression  from  hy¬ 
perplasia  to  neoplasia  and  is  accompanied  by  a  significant  decrease  in  tumor  apoptosis 
[56]. 

Frequently,  overexpression  of  a  member  of  the  Bcl-2  family  results  in  a  block  in 
cell  death  and  appears  to  nullify  many  built-in  cellular  defense  mechanisms  against 
cancer.  Such  a  block  presents  a  problem  because  radiation  and  chemotherapy,  standard 
cancer  treatments,  ultimately  exert  their  elfect  by  induction  of  apoptosis  and  would 
also  be  made  less  effective.  Therefore,  to  better  treat  cancer  it  may  be  necessary  to  de¬ 
velop  novel  methods  to  overcome  the  effects  of  the  Bcl-2  family.  One  way  to  approach 
this  problem  is  to  target  the  cause  -  the  molecular  machinery  that  allows  a  cancer  cell 
to  survive.  Advances  in  our  understanding  of  apoptosis  has  identified  the  Bcl-2  family 
as  a  mediator  of  most  apoptosis  pathways,  including  those  initiated  by  oncogenes,  tu¬ 
mor  suppressor  genes,  growth  factor  withdrawal,  and  external  damaging  signals. 
Therefore,  functional  inhibition  of  Bcl-2  family  members  is  lethal  to  many  cancer 
cells.  Using  gene  transfer  technology,  we  can  now  deliver  genes  that  accomplish  this 
goal.  Further  investigation  will  reveal  whether  this  translates  to  improved  therapy  in 
the  future. 
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